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Introduction 


Motors provides a comprehensive overview of motor operation, maintenance, installation, and troubleshooting. This 
textbook is designed to develop basic competencies in electrical apprentices and beginning learners. 


Motors begins with a thorough discussion of magnets, magnetism, and electromagnetism, and how they apply to 
motor operation. Subsequent chapters include the latest information on the operation of many types of motors, read- 
ing and understanding motor nameplates, starting and braking, adjustable-speed drives, bearings, drive systems and 
clutches, and motor alignment. Installation, maintenance, and troubleshooting of motors are discussed in detail. The 
text presents correct safety procedures in compliance with the National Electric Code® (NEC®) and National Fire 
Protection Association (NFPA 70E). 


Motors contains 19 chapters. At the end of each chapter, a chapter Summary, chapter Glossary, and Review help learn- 
ers review key concepts and reinforce common operation, maintenance, and troubleshooting aspects of typical motor 
installations. Answers to odd-numbered questions are included at the end of the book. Key terms are italicized and 
defined in the text for additional clarity. Tech Facts, Applications, and Supplemental Topics throughout the text provide 
information that augments text content. An extensive Glossary and Appendix provide useful, easy-to-find information. 
A comprehensive Table of Contents and Index simplify navigation and make finding desired information easy. 


The Motors CD-ROM located at the back of the book is designed as a study aid to complement information presented 
in the book, and includes Quick Quizzes®, an Illustrated Glossary, Flash Cards, and Motor Animations. The Quick 
Quizzes® provide an interactive review of topics in a chapter. The Illustrated Glossary provides a helpful reference to 
terms commonly used in industry. The Motor Animations are a collection of animated graphics that illustrate funda- 
mental motor operating concepts. Clicking on the American Tech web site button (www.go2atp.com) or the American 
Tech logo accesses information on related electrical training products. 
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The chapter opener provides an 
overview of key content found 
in the chapter. 


Motor windings consist of coils of Insulated 
copper wire, insulated aluminum wire, or 
heavy, rigid insulated conductors. Since 
windings are real conductors, all windings 
have electrical losses while conducting 
power. These losses create heat that must 
be removed. 


Detailed drawings 
illustrate the fine points 
of motor construction. 


Definitions are emphasized 
throughout to ensure understanding 
of important concepts. 


Tech Facts are used 
to provide supplemental aner 
background information 

of interest to electricians. 


The chapter Table of 
Contents makes it easy 
to find relevant information. 
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Applications supplement 
the text and illustrations i 
to demonstrate how the 

knowledge is used. ——~-——— 
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Supplemental Topics 
provide additional 
information that is 
optionally covered 

in a classroom. 


Using This CD-ROM provides 
information about components 


included on the CD-ROM. Quick Quizzes® reinforce fundamental 


concepts, with 10 questions per chapter. 


illustrated Glossary links common 
technical terms to select illustrations 
and Motor Animations. 


Flash Cards provide interactive 
identification of terms. 


Motor Animations illustrate 
fundamental motor principles. 


Vint we IE cree i www.ATPeResources.com 
— provides a comprehensive 
array of instructional resources. 
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OBJECTIVES 
e Describe the difference between a permanent magnet and an 
electromagnet. 


e Describe the difference between magnetic flux and magnetic flux density. 

e Describe the difference between electron current flow and conventional 
current flow. 

e Explain how self-induction in an inductor produces inductive reactance. 

e Explain how mutual induction creates current and a magnetic field in a 
nearby circuit. 

e Explain how a loop of conductor in a magnetic field creates thrust and 
rotary motion. 


The operation of motors is based on electromagnetism and induction. In 
order to understand how motors operate, it is important to understand how 
electricity and magnetism work together to create the forces that cause a 
motor to turn. Electron current flow is used to ore the directions of 


current flow, magnetic fields, and thrust. 
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Magnetism is a force 
caused by a magnet that 
acts at a distance on other 


magnets. 


A magnet is a substance 
that produces a magnetic 


field. 


A magnetic field is a 
force produced by a 
magnet that exerts a 
force on moving electric 
charges or on other 
magnets. 


A permanent magnet is 
a magnet that can hold 
its magnetism for a long 
period. 


A temporary magnet is a 
magnet that retains only 
trace amounts of magne- 
tism after a magnetizing 
force has been removed. 


Retentivity is a measure 
of the ability of a magnet 
to retain magnetism after 
the magnetizing force 
has been removed. 


Magnetic flux, or field 
flux, is the invisible lines 
of force that make up 

the total quantity of a 
magnetic field. 


Flux density is the 
amount of concentration 
of magnetic flux through 
a specific area. 


MAGNETISM 


Magnetism is a force caused by a magnet 
that acts at a distance on other magnets. 
Magnetism is used to produce most of the 
electricity consumed, develop rotary mo- 
tion in motors, and develop linear motion 
in solenoids. 

Generators and electric motors oper- 
ate using the same basic principles of 
magnetism. A generator uses magnetism 
to produce electrical energy. An electric 
motor uses the electrical energy to develop 
the electromagnetism inside the motor. 
Electromagnetism is used to develop a ro- 
tating mechanical force on the shaft of the 
motor. The strength of the magnetic forces 
determines the amount of force the motor’s 
shaft can deliver. 


Magnets 


A magnet is a substance that produces a 
magnetic field. A magnetic field is a force 
produced by a magnet that exerts a force on 
moving electric charges or on other mag- 
nets. Most magnets are constructed of alloys 
of various magnetic materials. Three com- 
mon naturally occurring magnetic metals 
are iron, nickel, and cobalt. Less common 
magnetic materials include neodymium, 
samarium, and other rare earth elements. 
Magnets are commonly used in electric 
motors and generators, speakers and micro- 
phones, and many industrial products. 

A permanent magnet is a magnet that 
can hold its magnetism for a long period. 
Permanent magnets include natural magnets 
(magnetite) and manufactured magnets. 
Permanent magnets are used in electrical 
applications such as permanent-magnet DC 
motors and reed switches. Common perma- 
nent magnets are horseshoe magnets, com- 
passes, and bar magnets. See Figure 1-1. 

A temporary magnet is a magnet that 
retains only trace amounts of magnetism 
after a magnetizing force has been removed. 
Retentivity is a measure of the ability of 
a magnet to retain magnetism after the 
magnetizing force has been removed. Tem- 
porary magnets are used in most electrical 


applications such as motors, transformers, 
and solenoids. The most common tempo- 
rary magnets are coils of conductor used as 
electromagnets. 
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(+) 
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Figure 1-1. Permanent magnets include 
natural magnets and manufactured magnets. 
Temporary magnets include wound coils of 
wire with a source of electricity. 


Magnetic Flux 


Michael Faraday proposed using magnetic 
flux to visualize a magnetic field. Magnetic 
flux, or field flux, is the invisible lines of 
force that make up the total quantity of a 
magnetic field. See Figure 1-2. Flux density 
is the amount of concentration of magnetic 
flux through a specific area. A more con- 
centrated, or denser, magnetic flux makes 


a stronger magnetic force. Magnetic flux 
is densest at the ends of a magnet. For this 
reason, the magnetic force is strongest at 
the ends of a magnet. 

All magnets have a north (N) pole and 
a south (S) pole. The magnetic flux leaves 
the north pole and enters the south pole of a 
magnet. The basic law of magnetism states 
that unlike magnetic poles (N and S) attract 
each other and like magnetic poles (N and 
NorS and S) repel each other. The force of 
attraction between two magnets increases as 
the distance between the magnets decreases. 
Likewise, the force of attraction between 
two magnets decreases as the distance be- 
tween the magnets increases. 


Magnetic Polarity 


The polarity of a bar magnet can be de- 
termined by suspending it from a point 
overhead and allowing it to turn freely. The 
end of the bar magnet that points north is 
the north pole of the magnet. Since unlike 
magnetic poles attract, Earth’s magnetic 
field interacts with the bar magnet’s mag- 
netic field so that the bar magnet’s north 
pole points toward Earth’s south magnetic 
pole. From experience, we all know that the 
north pole of a magnet points toward Earth’s 
geographic north pole. This shows that the 
Earth’s geographic north pole is actually 
Earth’s south magnetic pole. 

A bar magnet is surrounded by its own 
magnetic field that exits the north pole and 
enters the south pole. This can be confirmed 
by placing a small compass at different 
positions around the magnet. The needle 
of the compass marked N aligns with the 
field to point to the opposite pole. See 
Figure 1-3. 


The sheet steel used in modern motor 
cores contains a sufficient amount of silicon 
to prevent the steel from aging. Aging is 

the characteristic of a magnetic circuit that 
decreases the permeability as the motor 
continues to operate over a period of time. 
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DIRECTION 
OF FORCE MAGNETIC FLUX (FORCE) LINES 


TRAVEL IN SAME DIRECTION 


UNLIKE MAGNETIC POLES ATTRACT 


DIRECTION 


OF FORCE MAGNETIC FLUX (FORCE) LINES 


TRAVEL IN OPPOSITE DIRECTION 


LIKE MAGNETIC POLES REPEL 


Figure 1-2. With two magnets, unlike magnetic poles attract and like mag- 
netic poles repel. 


COMPASS ALIGNS WITH FLUX 


MAGNETIC FLUX 


Figure 1-3. A compass aligns itself with a magnetic field. 
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Permeability is a mea- 
sure of the ability of a 
material to conduct mag- 
netic flux. 


Molecular Theory of Magnetism 


The molecular theory of magnetism states 
that ferromagnetic materials are made up of 
a very large number of molecular domains 
acting like molecular magnets that can be 
arranged in either an organized or disorga- 
nized manner. See Figure 1-4. A material 
is magnetic if it has organized molecular 
domains so that the individual fields add 
together. A material is nonmagnetic if it 
has disorganized molecular domains so 
that the individual fields cancel each other. 
The individual magnetic domains consist of 
many atoms or molecules that are individu- 
ally aligned so their electrons all spin in the 
same direction. The moving charges of the 
electrons create a magnetic field. 


MOLECULAR DOMAINS 
ARRANGED IN 
DISORGANIZED 
MANNER 


MAGNETIZED MATERIAL 


MOLECULAR DOMAINS 
ARRANGED IN 
ORGANIZED 

MANNER 


Figure 1-4. The molecular theory of magne- 
tism states that ferromagnetic materials are 
made up of a very large number of molecular 
domains that can be arranged in either an 
organized or disorganized manner. 


The molecular theory of magnetism ex- 
plains how certain materials used in control 
devices react to magnetic fields. For ex- 
ample, it explains why hard steel is used for 
permanent magnets, while soft iron is used 
for the temporary magnets found in control 
devices. Permanent magnets can be manu- 
factured by using another magnetic field to 
align the magnetic domains during manufac- 
ture. Hard steel is difficult to magnetize and 
demagnetize, making it a good permanent 
magnet. The dense molecular structure of 
hard steel does not easily disorganize once 
a magnetizing force has been removed. Hard 
steel has high retentivity. However, any 
permanent magnet can be demagnetized by 
a sharp blow or by heat that causes the mo- 
lecular arrangement to become disorganized. 
Vibrations over an extended time may also 
demagnetize a permanent magnet. 

Magnetic domains in temporary mag- 
nets are aligned by a magnetic field cre- 
ated by electric current flowing through 
a coil. Soft iron is ideal for use as a tem- 
porary magnet in control devices because 
it does not retain residual magnetism very 
easily. By not retaining residual magne- 
tism, a temporary magnet can be turned 
off while de-energized, such as a coil in 
a magnetic starter. 


Permeability 


Permeability is a measure of the ability of a 
material to conduct magnetic flux. Perme- 
ability can be compared to specific con- 
ductivity in an electric circuit. A material 
or device with a high speeific conductivity 
can conduct more current than a material or 
device with a low conductivity. Similarly, 
a material with a high permeability can 
conduct more magnetic flux than a material 
with a low permeability. 

Permeability is usually described relative 
to the permeability of a perfect vacuum. 
For example, if the permeability of a 
nickel alloy is 500 times the permeability 
of vacuum, the relative permeability of the 
alloy is 500. See Figure 1-5. Materials are 
often described as being ferromagnetic, 
paramagnetic, or diamagnetic materials. 


Figure 1-5. Permeability values refer to the 
relative ability of a material to conduct mag- 
netic flux. 


Ferromagnetic Materials. A ferromagnetic 
material is a material that is easily magne- 
tized and has high permeability. All materials 
have their relative permeability near | except 
ferromagnetic materials. Iron is relatively 
inexpensive and has a much higher perme- 
ability than air or copper. In addition, ferrite 
is a ferromagnetic nonconducting ceramic al- 
loy with a high permeability. Ferromagnetic 
materials are often used as the cores of coils 
in motors and transformers to concentrate the 
magnetic fields. 


Paramagnetic Materials. A paramagnetic 
material is a material that can be weakly 
magnetized in the same direction as the ap- 
plied magnetic field. Paramagnetic materials 
have a permeability slightly more than I and 
do not retain any magnetism in the absence 
of a magnetic field. This means that para- 
magnetic materials are weakly affected by a 
magnetic field, but cannot become magnets. 
A common paramagnetic material is alumi- 
num. When aluminum is used as the core 
of an inductor, it has a very weak ability to 
concentrate the magnetic field. 


Diamagnetic Materials. A diamagnetic 
material is a material that can be very weakly 
magnetized in the opposite direction as the 
applied magnetic field. Diamagnetic mate- 
rials have a permeability slightly less than 
1 and do not retain any magnetism in the 
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absence of a magnetic field. This means that 
diamagnetic materials are weakly affected by 
a magnetic field, but cannot become magnets. 
A common diamagnetic material is copper. 
Diamagnetic materials used as the cores of 
coils have a very weak ability to weaken a 
magnetic field. When copper is used as the 
core of an inductor, it has a very weak ability 
to disperse the magnetic field. 


ELECTROMAGNETISM 


A magnetic field is produced any time elec- 
tricity passes through a conductor (wire). 
An electromagnet is a temporary magnet 
produced when electricity passes through a 
conductor, such as a coil, that concentrates 
the magnetic field. Electromagnetism is the 
temporary magnetic field produced when 
electricity passes through a conductor. 
Electromagnetism is a temporary magnetic 
force because the magnetic field is present 
only as long as current flows. The magnetic 
field is reduced to zero when the current 
flow stops. 

The magnetic field around a straight 
conductor is relatively weak and must be 
concentrated for use in an electric motor. 
See Figure 1-6. The strength of the mag- 
netic field is increased by wrapping the 
conductor into a coil, increasing the amount 
of current flowing through the conductor, 
or wrapping the conductor around an iron 
core. A strong, concentrated magnetic field 
is developed when a conductor is wrapped 
into a coil. The strength of a magnetic field 
is directly proportional to the number of 
turns in the coil and the amount of current 
flowing through the conductor. An iron core 
increases the strength of the magnetic field by 
concentrating the field. 


Biles oct 


Reluctance is the ability of a magnetic 
circuit to block magnetic flux, similar to 

how resistance blocks current. Permeability 
refers to the ability to conduct magnetic flux. 
Pure iron and silicon steel are often used 
for the core material of motors because of 
their high permeability. 


_ Definition 


A ferromagnetic mate- 
rial is a material that is 
easily magnetized and 
has high permeability. 


Ferrite is a ferromag- 
netic nonconducting 
ceramic alloy with a 
high permeability. 


A paramagnetic materi- 
al is a material that can 

be weakly magnetized in 
the same direction as the 
applied magnetic field. 


A diamagnetic material 
is a material that can be 
very weakly magnetized 
in the opposite direction 
as the applied magnetic 
field. 


An electromagnet is 
a temporary magnet 
produced when elec- 
tricity passes through 
a conductor, such as a 
coil, that concentrates 
the magnetic field. 


Electromagnetisi is the 
temporary magnetic field 
produced when electric- 
ity passes through a 
conductor. 
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Figure 1-6. Electromagnetic field strength is increased by increasing the 
current flow or by increasing the number of coils, and concentrated by add- 


ing an iron core. 


Electromagnets 

An electromagnet is a magnet whose mag- 
netic energy is produced by the flow of 
electric current. Some electromagnets are 
so large and powerful that they can be used 
with a crane to lift tons of scrap metal at one 
time. Other electromagnets are very small and 
are used in electrical! and electronic circuits, 
such as those found in solenoids and relays. 
An electromagnet typically consists of an 
iron core inserted into a coil. Because of its 
high permeability, an iron core concentrates 
the magnetic flux produced by the coil. With 
the core in place and the coil energized, the 
polarity of the magnet can be determined by 
the left-hand rule for coils. 

The advantages of electromagnets are that 
they can be made stronger than permanent 
magnets and that magnetic strength can be 
easily controlled by regulating the electric 
current. The main characteristics of an elec- 
tromagnet include the following: 

e When electricity flows through a con- 
ductor, an electromagnetic field is cre- 
ated around that conductor. 


¢ An electromagnetic field is stronger 
close to the conductor and weaker 
farther away. 


¢ The strength of the electromagnetic field 
and the current are directly related: more 
current, the stronger the electromagnetic 
field; less current, the weaker the elec- 
tromagnetic field. 


e The direction of the electromagnetic 
field is determined by the direction of the 
current flowing through the conductor. 


¢ The more permeable the core, the greater 
the concentration of magnetic flux. 


Saturation 


Saturation is the condition where a mag- 
netic core has substantially all the magnetic 
domains aligned with the field and any in- 
creases in current no longer result in a stronger 
electromagnet. As the current flow in a coil 
is increased, the strength of the magnetic 
field (field intensity) increases. As the field 
intensity increases, the magnetic flux density 
increases. In other words, at low current, 
only a relatively small number of magnetic 


domains in the core are aligned with the 
magnetic field. At higher and higher cur- 
rents, more and more of the magnetic do- 
mains align with the magnetic field. 


CURRENT FLOW 


All electric circuits depend on current 
flowing through the circuit. Current can be 
direct current (DC), where the current flows 
in one direction only, or alternating current 
(AC), where the current flow periodically 
reverses direction. In addition, the direction 
of current flow, relative to the polarity of the 
voltage source, depends on the convention 
used to describe the current flow. 


Direct Current 


Direct current applied to a conductor starts 
at zero and goes to its maximum value 
almost instantly when a switch is closed. 
See Figure 1-7. The magnetic field around 


Direct Current 
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the conductor also starts at zero and goes to 
its maximum strength almost instantly. The 
current and the strength of the magnetic field 
remain at their maximum value as long as 
the load resistance does not change. The 
current and the strength of the magnetic 
field increase if the resistance of the circuit 
decreases. The current and the magnetic field 
drop to zero when the switch is opened. 


Alternating Current 


Alternating current applied to a conductor 
causes the current to continuously vary in di- 
rection and magnitude and the magnetic field 
to continuously vary in strength. See Figure 
1-8. Current flow and magnetic field strength 
are at their maximum value at the positive and 
negative peaks of the AC sine wave. The cur- 
rent is zero and no magnetic field is produced 
at the zero points of the AC current sine wave 
through the coil. 


CURRENT FLOW CAUSES 
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Definition s 


Saturatiou is the condi- 
tion where a magnetic 
core has substantially all 
the magnetic domains 
aligned with the field 
and any increases in cur- 
rent no longer result in a 
stronger electromagnet. 


Figure 1-7. Direct cur- 
rent applied to a conductor 
causes the currentand mag- 
netic field to both increase 
instantly to the maximum 
magnitude and remain at a 
constant value as long as 
the current flows. 
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Electron current flow is 
a description of current 
flow as the flow of elec- 
trons from the negative 
terminal to the positive 
terminal of a power 
source. 


_Alternating Curre 


The direction of current flow and polarity 
of the magnetic field change every time the 
current passes the zero point of the AC sine 
wave. On standard 60 Hz (cycle) power fre- 
quencies, the current passes the zero point 
120 times per second. 


Current Flow Direction 


Early physicists established the polarity of 
voltage sources, with positive cathode and 
negative anode terminals. Because a voltage 
source has polarity, current flow has a direc- 
tion. These physicists believed that current 
flowed from the positive to the negative 
terminals. Later, when atomic structure was 
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studied, electron flow from the negative to 
the positive terminals was introduced. The 
two different theories are called electron 
current flow and conventional current flow. 
See Figure 1-9. 


Electron Current Flow. Electron current 
flow is a description of current flow as the 
flow of electrons from the negative terminal 
to the positive terminal of a power source. 
Ina battery or other power source, electrons 
move to the negative terminal, creating 
a Separation of charge, with the negative 
terminal having a negative charge and the 
positive terminal having a positive charge. 
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Figure 1-8. Alternating current applied to a conductor causes the current to continuously vary in magnitude and the magnetic 
field to continuously vary in strength. Current flow and magnetic field strength are at their maximum value at the positive and 
negative peaks of the AC sine wave. 
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Figure 1-9. Conventional current flow is current 
flow from positive to negative. Electron current 
flow is current flow from negative to positive. 


This is how a power source produces a 
potential difference. The potential differ- 
ence is used to move electrons through the 
external circuit and through the load to do 
useful work. Electron current flow is used 
more in the electronic semiconductor field 
to assist in explaining the operation of solid- 
state electronic components. 


Conventional Current Flow. Conventional 
current flow is a description of current flow 
as the flow of positive charges from the 
positive terminal to the negative terminal of 
a power source. Ina battery or other power 
source, conventional current flow states 
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that positive charges move to the positive 
terminal, creating a separation of charge 
and a potential difference. The potential 
difference is used to move positive charges 
through the external circuit and through the 
load to do useful work. 

Conventional current flow is used more 
in the electrical field and by electrical engi- 
neers to aid in explaining electrical circuit 
properties. A positive potential is consid- 
ered to be higher than a negative potential, 
and thus a description of positive charges 
flowing down from a higher potential to a 
lower potential works well to explain cir- 
cuit flow theory. While either method can 
be used to describe current flow, this book 
uses electron current flow. 


INDUCTION AND INDUCTANCE 


Induction has two meanings depending on 
whether it refers to a single circuit or to two 
or more circuits. Self-induction refers to the 
electromagnetic properties of a single circuit. 
Mutual induction refers to the electromagnetic 
properties of two or more circuits. Inductance 
is the property of a device or circuit that causes 
it to store energy in an electromagnetic field. 

The three requirements for induction 
are a conductor, a magnetic field, and rela- 
tive motion between the conductor and the 
magnetic field. In a motor, the conductor 
is the wire making up the winding (coil). 
The AC power flowing through a conduc- 
tor generates an expanding and collapsing 
magnetic field. The expanding and collaps- 
ing magnetic field flows through the winding 
and provides the relative motion between a 
second conductor and the magnetic field. In 
a generator, the conductor is moved through 
the fixed magnetic field and current is in- 
duced in the conductor. 


Bifech bct 


In 1819, it was discovered that when an 
electric current flows in a copper conductor 
(wire), a magnetic field exists in the space 
around the conductor. A fixed relationship 
exists between the direction of the cur- 
rent in a conductor and the magnitude and 
direction of the resulting magnetic field. 


_ Definition a 


Conventional current 
flow is a description of 
current flow as the flow 
of positive charges from 
the positive terminal to 
the negative terminal of 
a power source. 


Inductance is the prop- 
erty of a device or circuit 
that causes it to store 
energy in an electromag- 
netic field. 
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Definition 


Self-induction is the 
ability of an inductor 

in a circuit to generate 
inductive reactance, 
which opposes change in 
the current. 


Self-Induction 


PC A A 


Self-Induction 


Self-induction is the ability of an inductor in a 
circuit to generate inductive reactance, which 
opposes change in the current. The current 
flowing in a coil produces a magnetic field 
that expands out of and surrounds the coil. 
Energy is stored in the magnetic field. When 
an AC source voltage rises and the magnetic 
flux expands around the conductors, an op- 
posing voltage, or counter-electromotive 
force (CEMEF), is induced in the circuit. 
See Figure 1-10. Lenz’s law states that the 
polarity of the induced voltage is such that 
it produces a current whose magnetic field 
opposes the change that produced it. 

As the AC source voltage falls back 
to zero and the field collapses back into 
the circuit, the CEMF acts to prevent the 
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current from falling. This shows that the 
first 90° of a cycle is spent charging the 
inductor. The electrical energy is converted 
into magnetic energy in the inductor. When 
the voltage peaks, the current is at the 
minimum, the field stops expanding, and 
the magnetic field is fully charged. When 
the source voltage starts to drop from peak, 
the magnetic field starts to collapse back 
into the inductor and aids the current pro- 
vided by the source. 

An inductor or coil in a circuit adds in- 
ductive reactance. In a typical situation, the 
inductive reactance of a coil is much greater 
than the resistance. Therefore, a coil is a 
reactive circuit. The CEMF is 180° out of 
phase from the source and the current lags 
the source by 90°. 
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Figure 1-10. When an AC source voltage rises and the magnetic flux expands around the conductors, an opposing voltage, 
or counter-electromotive force (CEMF), is induced in the circuit. 


Mutual Induction 


Mutual induction is the ability of an induc- 
tor (coil) in one circuit to induce a voltage 
in another circuit or conductor. See Figure 
1-11. The magnetic field surrounding the coil 
interacts with another wire or coil. The inter- 
action between the magnetic field around the 
first coil and the second coil induces a current 
in the second coil. The induced current in the 
second coil creates its own magnetic field 
that opposes the initial magnetic field. 

For an AC motor, current flows through 
the stator windings and generates a moving 
magnetic field. The moving magnetic field 
in the stator interacts with the stationary 
conductors in the rotor windings and in- 
duces a current in the rotor windings. The 
current in the rotor windings generates 
a magnetic field that follows the moving 
magnetic field in the stator. This creates 
torque that starts rotating the rotor. 
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Figure 1-11. Mutual induction is the process 
where one coil induces current flow in an- 
other coil. 
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Magnetic Field Direction 


Just as voltage has a polarity and current 
has a direction of flow, magnetic fields 
have a direction. In a magnet, the magnetic 
field enters into the south polie and exits 
from the north pole. In a conductor, coil, 
or in the windings (coils) of generators 
and motors, the magnetic field also has a 
direction. These rules for field direction 
use electron current flow and apply only 
to DC, as the changing polarities of AC 
reverse the direction of the magnetic flux 
twice every cycle. 


Left-Hand Conductor Rule. The left- 
hand conductor rule is an explanation of 
the direction of a magnetic field around a 
conductor relative to the direction of the 
current in the conductor, where a left hand 
is used to illustrate the relationship. When 
a conductor is wrapped with the left hand 
with the thumb in the direction of the cur- 
rent flow, the fingers point in the direction 
of the magnetic field. The direction of cur- 
rent is from negative to positive and can be 
determined by the polarity of the source. 
See Figure 1-12. 


Left-Hand Coil Rule. The left-hand coil 
rule is an explanation of the direction of 
a magnetic field around a coil relative to 
the direction of the current in the coil, 
where a left hand is used to illustrate 
the relationship. 


Left-Hand Conductor Rule 
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Figure 1-12. When a conductor is wrapped 
with the left hand with the thumb in the direc- 
tion of the current flow, the fingers point in the 
direction of the magnetic field. 


| Definition 


Mutual induction is the 
ability of an inductor 
(coil) in one circuit 

to induce a voltage in 
another circuit or con- 
ductor. 


The left-hand conductor 
rule is an explanation 

of the direction of a 
magnetic field around a 
conductor relative to the 
direction of the current 
in the conductor, where a 
left hand is used to illus- 
trate the relationship. 


The left-hand coil rule 
is an explanation of the 
direction of a magnetic 
field around a coil rela- 
tive to the direction of 
the current in the coil, 
where a left hand is used 
to illustrate the relation- 
ship. 
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‘ Definition 


The left-hand generator 
rule is an explanation of 
the relationship between 
the direction of motion 
of the conductor within 
a magnetic field in a 
generator, the direction 
of the magnetic field 
existing around the con- 
ductor, and the direction 
of induced current in a 
conductor. 


The right-hand motor 
rule is an explanation of 
the relationship between 
the direction of the 
applied current in a con- 
ductor, the direction of 
the magnetic field around 
the conductor, and the 
direction of the induced 
motion of the conductor 
within a motor. 


A coil has poles just like a bar magnet. 
When a coil is wrapped with the left hand 
with the fingers in the direction of the cur- 
rent flow, the thumb points in the direction 
of the north pole. The coil acts like an elec- 
tromagnet where the magnetic field enters 
into the south pole and exits from the north 
pole. See Figure 1-13. 


_Left-Hand Coil Rule 
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Figure 1-13. When a coil is wrapped with the 
left hand with the fingers in the direction of the 
current flow, the thumb points in the direction 
of the north pole. 


Left-Hand Generator Rule. In a gen- 
erator, an applied force moves a conductor 
through a magnetic field and a current is 
induced. The /eft-hand generator rule is an 
explanation of the relationship between the 
direction of motion of the conductor within 
a magnetic field in a generator, the direc- 
tion of the magnetic field existing around 
the conductor, and the direction of induced 
current in a conductor. The left-hand gen- 
erator rule states that with the thumb, index 
finger, and middle finger of the left hand 
set at right angles to each other, the index 
finger points in the direction of the magnetic 
field, the thumb points in the direction of 
the motion of the conductor, and the middle 
finger points in the direction of the induced 
current. When using the left-hand generator 
rule, it is assumed that the magnetic field is 
stationary and that the conductor is moving 
through the field. See Figure 1-14. 
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Figure 1-14. The left-hand generator rule 
explains the relationship between the direc- 
tion of the magnetic field, the direction of the 
motion of the conductor, and the direction of 
the induced current. 


Right-Hand Motor Rule. In a motor, an 
electric current flows through a conductor in 
a magnetic field and a movement is induced. 
The right-hand motor rule is an explanation 
of the relationship between the direction 
of the applied current in a conductor, the 
direction of the magnetic field around the 
conductor, and the direction of the induced 
motion of the conductor within a motor. 
The right-hand motor rule states that with 
the thumb, index finger, and middle finger 
of the right hand set at right angles to each 
other, the index finger points in the direction 
of the magnetic field, the thumb points in 
the direction of the induced motion of the 
conductor, and the middle finger points in 
the direction of the current. When using the 
right-hand motor rule, it is assumed that the 
magnetic field is moving and the conductor 
is initially stationary. See Figure 1-15. 


f Tech Fact, 


Electromagnetic interference (EMI) is 
unwanted electrical noise on a communica- 
tions line caused by induced currents from 
the magnetic field around a nearby line. 
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Figure 1-15. The right-hand motor rule ex- 
plains the relationship between the direction of 
the magnetic field, the direction of the induced 
motion of the conductor, and the direction of 
the current. 


Motor Action 


The magnetic field direction can be used to 
explain how the magnetic fields in a mo- 
tor develop into motion. There are many 
different ways to design a motor and the 
implementation details of many types of 
motors are explained in later chapters. 
However, the basic principles of all motor 
designs are similar. 

Current in a conductor creates a magnet- 
ic field around the conductor. The left-hand 
conductor rule can be used to determine the 
direction of the magnetic field. When the 
conductor is placed within a magnetic field 
between poles, the two ficlds interact. See 
Figure 1-16. The field around the conduc- 
tor distorts the magnetic field between the 
poles. On one side of the conductor, the 
fields combine and become concentrated, 
creating a strong magnetic field. On the 
other side of the conductor, the fields op- 
pose and cancel, creating a weak magnetic 
field. The distortion creates a thrust that 
pushes the conductor out of the magnetic 
field. The right-hand motor rule shows the 
direction of the thrust. 
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Motor Action 
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Figure 1-16. When a current-carrying wire is 
placed in a magnetic field, the wire is pushed 
out of the field. 


When a loop of conductor is placed 
within a magnetic field, two lengths of 
conductor are exposed to the same magnetic 
field. When a source voltage is applied to 
the loop, current flows from the negative 
terminal to the positive terminal. 

The field around the conductors distorts 
the field and causes a twisting of the loop. 
This moves the loop out of the magnetic 
field and toward the neutral plane, where 
there is no interaction of the magnetic 
fields. Momentum carries the loop past the 
neutral plane. However, the direction of the 
thrust prevents the loop from entering the 
magnetic field again. 

In order to create the continuous motion 
needed in a motor, the direction of the cur- 
rent must be reversed. With a DC motor, a 
commutator is used to reverse the direction 
of the current. With an AC motor, the cur- 
rent automatically reverses direction. In 
an actual motor, multiple loops and poles 
are used to provide much more power than 
is possible with a single loop and a single 
pair of polcs. 


Application—Magnetism and inductian 


Application—Solenoids And 
Motor Starters 


A solenoid is an electromagnetic device 
that converts electrical energy into a linear 
mechanical force. In a solenoid, an electric 
coil uses current to create a magnetic field in 
order to produce the power required to move 
a plunger. The movement of the plunger pro- 
duces a linear mechanical force that is used to 
produce work in many industrial applications. 


The current drawn by a solenoid coil 
depends on the applied voltage and size 
of the coil. Manufacturers list coil specifi- 
cations to assist in installation and sizing 
of components. Because magnetic coils 
are encapsulated and cannot be repaired, 
they must be replaced when they fail. 


For example, the coil used in a size 2 motor 
starter may have two, three, or four poles and 
draw 0.14 A sealed current when connected 
to a 208 V power source. This current value 
is used when selecting circuit fuse, wire, and 
transformer sizes. The manufacturer-listed coil 
specifications are required when designing 
and troubleshooting a circuit. For example, 
when troubleshooting blown motor control 
circuit fuses, both the inrush current and the 
sealed current (operating current) ratings of 
the coil must be considered. 


EMERGENCY 
STOP STOP 


MOTOR 
START STARTER COIL o 


In a circuit that uses two magnetic mo- 
tor starters (M1 and M2), it is possible for 
the two motor starters to be energized 
separately or at the same time. This situ- 
ation (using two size 2 starters to control 
a three-phase motor with a 240 V control 
circuit) could cause the following current 
conditions: 

e lf M1 starts alone, there would be 1.04 

A inrush current and 0.14 A sealed cur- 

rent. 


e |f M2 starts alone, there would be 1.04 A 
inrush current and 0.14 A sealed current. 


e IfM1isON and M2 is started, there would 
be 1.18 Aas M2 starts and 0.28 A when 
both M1 and M2 are ON. 


e If M2 is ON and M1 is started, there would 
be 1.18 A as M1 starts and 0.28 A when 
both M1 and M2 are ON. 

e ifM1 and M2 are started at the same time, 
there would be 2.08 A inrush current and 
0.28 A sealed current. 


Although starting both M1 and M2 
simultaneously is unlikely, this situation 
must be considered as it could cause a 
2 A (or less) fuse to blow. Understanding 
the circuit operation and the circuit compo- 
nent ratings is required during design and 
troubleshooting 
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_Motor Starter Coil Specifications _ 
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e A magnet is a substance that produces a magnetic field. An electromagnet can be energized or deenergized 
by applying or removing an electric current. Electromagnets are used in many electrical devices. 


e Magnetic flux is the total amount of a magnetic field. Flux is concentrated to increase the flux ensity and 
increase the power available to a motor. 


e Electron current flow is a description of current flow as the flow of electrons from the negative termnal to the 
positive terminal of a power source. Conventional current flow is a description of current flow as ie flow of 
positive charges from the positive terminal to the negative terminal of a power source. 


* When an AC source voltage rises and the magnetic flux expands around an inductor, an opposing/oltage, or 
counter-electromotive force (CEMB), is induced in the circuit. Lenz’s law states that the polarity of 1e induced 
voltage is such that it produces a current whose magnetic field opposes the change that produced i 


¢ The interaction between a magnetic field around one coil and a second coil induces a current in the *cond coil. 
The induced current in the second coil creates its own magnetic field that opposes the initial magntic field. 


e Current in a conductor creates a magnetic field around the conductor. When the conductor is pleed within 
a magnetic field between poles, the two fields interact. On one side of the conductor, the fields cmbine and 
become concentrated, creating a strong magnetic field. On the other side of the conductor, the fiids oppose 
and cancel, creating a weak magnetic field. The distortion creates a thrust that pushes the conducte out of the 
magnetic field 


Glossary ... 


Magnetism is a force caused by a magnet that acts at a distance on other magnets. 
A magnet is a substance that produces a magnetic field. 


A magnetic field is a force produced by a magnet that exerts a force on moving electric charges)r on other 
magnets. 


A permanent magnet is a magnet that can hold its magnetism for a long period. 


A temporary magnet is a magnet that retains only trace amounts of magnetism after a magnetizig force has 
been removed. 


Retentivity is a measure of the ability of a magnet to retain magnetism after the magnetizing fore has been 
removed. 


Magnetic flux, or field flux, is the invisible lines of force that make up the total quantity of a magne field. 
Flux density is the amount of concentration of magnetic flux through a specific area. 

Permeability is a measure of the ability of a material to conduct magnetic flux. 

A ferromagnetic material is a material that is easily magnetized and has high permeability. 

Ferrite is a ferromagnetic nonconducting ceramic alloy with a high permeability. 


A paramagnetic material is a material that can be weakl 


re y magnetized in the same direction as the pplied mag- 
netic field. 


A diamagnetic material is a material that can be ver 
magnetic field. 
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An electromagnet is a temporary magnet produced when electricity passes through a conductor, such as a coil, 

that concentrates the magnetic field. 


Electromagnetism is the temporary magnetic field produced when electricity passes through a conductor. 


Saturation is the condition where a magnetic core has substantially all the magnetic domains aligned with the 
field and any increases in current no longer result in a stronger electromagnet. 


Electron current flow is a description of current flow as the flow of electrons from the negative terminal to the 
positive terminal of a power source. 


Conventional current flowis a description of current flow as the flow of positive charges from the positive terminal 
to the negative terminal of a power source. 


Inductance is the property of a device or circuit that causes it to store energy in an electromagnetic field. 


Self-induction is the ability of an inductor in a circuit to generate inductive reactance, which opposes change in 
the current. 


Mutual induction is the ability of an inductor (coil) in one circuit to induce a voltage in another circuit or conduc- 
tor. 


The left-hand conductor rule is an explanation of the direction of a magnetic field around a conductor relative to 
the direction of the current in the conductor, where a left hand is used to illustrate the relationship. 


The left-hand coil rule is an explanation of the direction of a magnetic field around a coil relative to the direction 
of the current in the coil, where a left hand is used to illustrate the relationship. 


The left-hand generator rule is an explanation of the relationship between the direction of motion of the conduc- 
tor within a magnetic field in a generator, the direction of the magnetic field existing around the conductor, and the 
direction of induced current in a conductor. 


The right-hand motor rule is an explanation of the relationship between the direction of the applied current in 
a conductor, the direction of the magnetic field around the conductor, and the direction of the induced motion of 
the conductor within a motor. 


1. What is the difference between a permanent magnet and an electromagnet? Why is this difference important? 
2. What is the difference between magnetic flux and magnetic flux density? 

3. What is the difference between electron current flow and conventional current flow? 

4. How does self-induction in an inductor produce inductive reactance? 

5. How does mutual induction create current and a magnetic field in a nearby circuit? 


6. How does a loop of conductor in a magnetic field create thrust and rotary motion? 


Refer to the CD-ROM 
for Quick Quiz® questions 
related to chapter content. 8 
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OBJECTIVES 


e Describe the purpose of electrica! ratings. 

e List and describe the common electrical ratings on the motor nameplate. 

e Describe the purpose of operating ratings. 

e List and describe the common operating ratings on the motor nameplate. 

e Describe the purpose of mechanical-design code information. 

e List and describe the common mechanical-design codes on the motor 
nameplate. 

e Describe the difference between a general-purpose motor and a 
definite-purpose motor. 

e Explain why an energy-efficient motor may be more economical than a 
standard motor, even though the energy-efficient motor may cost more to 
purchase. 

* Describe the different types of motor enclosures. 


The information needed to service a motor can be found on the nameplate. 
Understanding the motor nameplate data is the first requirement when 
servicing or replacing a motor. The nameplate includes information about 


the electrical ratings, the operating ratings, and the mechanical design of 
the motor. This information is used when selecting a motor for a particular 
application and when maintaining a motor. 
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Definition 


A nameplate is a metal 
tag permanently at- 
tached to an electric mo- 
tor frame that gives the 
required electrical rat- 
ings, operating ratings, 
and mechanical-design 
codes of the motor. 


The voltage rating is the 
voltage level that a mo- 
tor can use. 


MOTOR NAMEPLATE DATA 


A nameplate is a metal tag permanently at- 
tached to an electric motor frame that gives 
the required electrical ratings, operating 
ratings, and mechanical-design codes of the 
motor. See Figure 2-1. Electric motors are 
used to produce work. In order for a motor 
to safely produce work as required for the 
expected life of the motor, the motor’s elec- 
trical and operating ratings and mechanical- 
design codes must be considered. 

Since the nameplate has limited space 
to convey the ratings, most information 
is abbreviated or coded to save space. In 
addition to the written information, most 
motor nameplates also include the motor’s 
wiring diagram. Understanding the ab- 
breviated and coded information provided 
on a motor nameplate is required when 
selecting, installing, and troubleshooting 
electric motors. For motors that are already 
in service, the information provided on the 
motor nameplate is often the only informa- 
tion available. 


Manufacturer. The name of the manufac- 
turer of the motor is usually prominently 
displayed on a nameplate. This section of 
the nameplate may also include an address 
or other contact information. The nameplate 
usually contains an abbreviation for the 


_Motor Nameplate Data 


— en 


MOD. 
NO. 


MTR 
REF 


model number (MOD), type (TP), or cata- 
log (CAT) number. A serial number is often 
included. A serial number is very important 
if the manufacturer is to be contacted for 
information about the motor. 


ELECTRICAL RATINGS 


Electrical ratings describe the electrical 
requirements for the operation of a mo- 
tor. Electrical ratings included on motor 
nameplates include a voltage rating, current 
rating, frequency rating, and phase. 


Voltage Rating 


The voltage rating is the voltage level that 
a rotor can use. The nameplate voltage rat- 
ing of a motor is abbreviated V or VOLTS. 
See Figure 2-2. All motors are designed for 
optimum performance at a specific voltage 
level. When selecting a motor, a motor that 
is rated close to the actual supply voltage 
should be used. Likewise, when trouble- 
shooting a motor, the nameplate rated volt- 
age should be checked against the actual 
measured supply voltage. 

A motor’s nameplate voltage rating is the 
optimal voltage that should be connected to 
the motor for best operating performance. 


al 2.7- 2.8 /1.4%3.0-36/19 | 
NEMA BT oy 208-220 VOLTS; 44 5 
1 04020. 
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Figure 2-1. A nameplate is a metal tag permanently attached to an electric motor frame that gives the required electrical 
ratings, operating ratings, and mechanical-design codes of the motor. 


The actual voltage applied to the motor usu- 
ally varies somewhat from the nameplate 
rated voltage. Any variation in applied 
voltage from the nameplate rated voltage 
will change the operating characteristics 
of a motor and must be considered when 
installing and troubleshooting the motor. 
The available (applied) voltage to a motor 
can be easily measured using a standard 
voltmeter or a DMM set to measure volt- 
age. Voltage measurements should always 
be taken prior to installing, servicing, or 
troubleshooting a motor. 


Voltage Unbalance. The actual voltage ap- 
plied to a motor should be within 5% of the 
motor’s nameplate rated voltage. However, 
with 3-phase motors, the applied voltage must 
also be balanced by having the same applied 
voltage on each of the three power lines. For 
every 1% voltage unbalance, there can be up 
to a 6% current unbalance. The greater the 
voltage or current unbalance, the higher the 
operating temperature of the motor. 

The power lines can be checked for 
voltage unbalance by using a voltmeter 
or DMM to measure the voltage between 
L1-L2, L2-L3, and L1-L3. The voltage un- 
balance should be measured with the motor 
OFF. To offset a voltage unbalance of up 
to 5%, the motor can be derated or a larger 
motor can be used. See Figure 2-3. 


AC Motors. The actual supply voltage 
will vary depending upon the source 
of voltage. For example, a 120/208 V, 
3-phase, 4-wire wye service can supply 
a single-phase motor of either 120 V or 
208 V. A 115/230 V, 3-phase, 4-wire delta 
service can supply a single-phase motor 
of either 115 V or 230 V. Because of the 
differences in supply voltages, motor 
manufacturers offer motor models with 
different voltage ratings. Typical motor 
voltage ratings are required for specific 
applications as follows: 
e 115 V (single-phase motor rating, typi- 
cally 2 HP or less) 
è 115/230 V (single-phase motor rating, 
typically 2 HP or less) 
e 115/208-230 V (single-phase motor 
rating, typically 2 HP or less) 
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Voltage Ratings 


DC MOTOR 


Figure 2-2. The voltage rating is the voltage level that a motor can use. All 
motors are designed for optimum performance at a specific voltage level. 


Voltage Unbalance | 


Motor Derating' 


s in % 


Figure 2-3. When voltage unbalance is pres- 
ent, the motor may need to be derated. 
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Getinition 


The current rating is 
the aniount of current a 
motor draws when de- 
livering full rated power 
output. 


e 110/220 V (single-phase motor rating, 
typically 2 HP or less) 

e 230 V (single-phase or 3-phase motor 
rating, typically up to 7.5 HP) 

e 208-230 V (single-phase or 3-phase 
motor rating, typically up to 7.5 HP) 

e 208-230/460 V (3-phase motor rating, 
typically up to 75 HP) 

e 230/460 V (3-phase motor rating, typi- 
cally up to 75 HP) 

e 460 V (3-phase motor rating, typically 
up to 250 HP) 

e 460/796 V (3-phase motor rating, typi- 
cally up to 250 HP) 

e 575 V (3-phase motor rating, typically 
250 HP motors) 

e 2300/4160 V (3-phase motor rating, 
typically 250 HP to 500 HP motors) 


DC Motors. DC motors will typically 
use voltage levels of 24 V, 48 V, 90 V, or 
180 V. However, other voltage levels may 
be seen on the nameplate. The maximum 
voltage to be applied to the armature of a 
DC motor is abbreviated on the nameplate 
as ARM. The voltage to be applied to the 
field of a DC motor is abbreviated on the 
nameplate as FLD. 


_ Current Ratings 


Current Rating 


The current rating is the amount of current 
a motor draws when delivering full rated 
power output. The nameplate current rating 
of a motor is abbreviated A or AMP. The total 
current drawn per horsepower output varies 
with the power supply and motor design. 
See Figure 2-4. For multiple-speed motors, 
the current rating should be given for each 
speed. However, for single-phase shaded- 
pole and split-phase motors, the current is 
only required for the maximum speed. 

The current rating is used to size the 
motor and overload heaters. If possible, a 
3-phase motor should be used instead of a 
single-phase motor to reduce the amount of 
required current draw by the motor. Like- 
wise, a motor should be connected to the 
higher nameplate voltage rating to reduce 
the amount of current draw by the motor. 
Since the load on most motors varies, the 
actual current draw of a motor will vary 
from the nameplate rated current as the 
motor operating conditions change and 
the motor ages. Motors that are not fully 
loaded draw less than their rated nameplate 
current, Motors that are overloaded draw 
more than their rated nameplate current. 


230 V, 30 2.5 A to 3.5 A/HP 
460 V, 30 


120 VDC 


230 V, 16 5 A to 6.5 A/HP 


1.25 A to 1.75 A/HP 
6.5 A to 9 A/HP 


Figure 2-4. The current rating is the amount of current a motor draws when delivering full rated power output. 


The amount of current a motor draws 
can easily be measured with a clamp-on 
ammeter. Current measurements should 
be taken during different motor operating 
conditions to get a better understanding 
of the operating condition of the motor. A 
meter with a recording mode can be used 
to record current measurements over time. 


Locked-Rotor Indicating Code Letters. 
The locked-rotor indicating code letter is 
a designation for the range of locked-rotor 
current draw per motor horsepower. Locked- 
rotor current (LRC), or Starting current, or 
inrush current, is the amount of current a 
motor draws on startup or when the rotor 
is locked. The locked-rotor indicating code 
letter or the locked-rotor current must be 
listed on the nameplate for all motors over 
Y, HP. The code letter is omitted on poly- 
phase wound-rotor motors. The locked-rotor 
indicating code letter is abbreviated on the 
nameplate as LR KVA CODE. 

The list of motor nameplate code letters 

begins with the letter “A” and ends with “V.” 
See Figure 2-5. The closer the nameplate 
listed code letter is to “A, the lower the 
motor’s starting current at a given power 
output. Likewise, the closer the nameplate 
listed code letter is to “V,” the higher the 
motor starting current at a given power 
output. For example, a motor with a listed 
code letter of “G” wil] have a lower start- 
ing current than a motor with a listed code 
letter of “H”, as long as the power rating is 
the same. Most motors have a code letter 
in the H to N range. 
Frequency Rating. The frequency rating is 
the power line frequency at which a motor is 
designed to operate. The frequency rating ofa 
motor is abbreviated on the nameplate as HZ. 
A motor’s nameplate frequency is determined 
by the manufacturer and will be either 50 Hz 
or 60 Hz. See Figure 2-6. When the name- 
plate of a motor shows only one frequency 
rating (50 Hz or 60 Hz), the listed current 
ratings apply to that frequency. When the 
nameplate of a motor lists a dual-frequency 
rating (50/60 Hz), the first set of current rat- 
ings apply to the first listed frequency rating 
and the second set of current ratings apply to 
the second listed frequency rating. 


t 


Low 
Starting 
Current 


High 
Starting 
Current 
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Figure 2-5. A locked-rotor indicating code letter is a designation for the range 
of locked-rotor current draw per motor horsepower. 


| Definition 


BtechFoct 


The National Electrical Manufacturers As- 
sociation Standard MG1 sets the basic re- 
quirements for the information to be marked 
on motor nameplates. 


The frequency rating is 
the power line frequency 
at which a motor is 
designed to operate. 
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Figure 2-6. The frequency rating is the power line frequency at which a motor 
is designed to operate. For variable-frequency drives, the V/Hz ratio can be 
manipulated to modify torque characteristics. 


| Definition os 


The locked-rotor 
indicating code letter 
is a designation for the 
range of locked-rotor 
current draw per motor 
horsepower. 


Locked-rotor current 
(LRC), or starting cur- 
rent, or inrush current, 
is the amount of cur- 

rent a motor draws on 
startup or when the rotor 
is locked. 


Motors typically tolerate a +5% frequen- 
cy variation without affecting the motor’s 
load operation. A higher frequency will 
increase motor speed but will reduce mo- 
tor torque. A lower frequency will decrease 
motor speed and increase motor torque. 

Directly applying any frequency to a 
motor other than the nameplate rated fre- 
quency will change the motor’s operating 
characteristics (speed and output torque) 
and can damage the motor. When the 
speed of a motor needs to be varied during 
operation, a variable-speed drive is used. 
Variable-speed drives are designed to 


maintain the motor’s nameplate volts-per- 
hertz ratio (V/Hz). As the drive reduces 
the frequency applied to the motor, the 
drive also reduces the voltage applied to 
the motor by the same ratio. 

The V/Hz ratio for 230 V 3-phase mo- 
tors is 3.8 V/Hz (230 + 60 = 3.8) and the 
V/Hz ratio for 460 V 3-phase motors is 
7.7 V/Hz (460 + 60 = 7.7). The V/Hz ratio 
can be manipulated to modify the torque 
characteristics. Below about 15 Hz, the 
voltage applied to the motor stator may 
be boosted to compensate for the large 
power loss AC motors typically have at 
low speed. 


Phase 


„The phase is the power phase (10, 36, or 
DC) that a motor requires for operation. 
The phase rating of a motor is abbreviated 
on the nameplate as PH. Electric motors 
typically require either direct current (DC), 
single-phase alternating current (16 AC), 
or three-phase alternating current (30 AC). 
The phase rating of a motor is listed as 1, 
3, or DC. See Figure 2-7. 

Before the development of motor drives, 
the type of current (DC, 1-phase, or 3- 
phase) and voltage level (120 V, 240 V, 
480 V, ctc.) supplied to a motor starter had 
to match the nameplate rating of a motor. 
For example, a 3-phase, 240 V rated mo- 
tor controlled by a magnetic motor starter 
needed to be connected to a 3-phase, 240 
V power supply. 

When electric motor drives are used 
to control motors, the type and level of 
the input supply voltage does not have 
to match the rated type and voltage level 
of the motor. Some electric motor drives 
allow the input power to the drive to be 
of a different type and at a different volt- 
age level than the power required by the 
motor. For example, an electric motor 
drive supplied with single-phase, 120 V 
power can be used to control a 3-phase, 
240 V motor. 

Single-phase motors are used primar- 
ily in applications requiring power of less 
than 1 HP and where 3-phase power is 


not available. Electric motor drives that 
can be powered by a single-phase supply 
and deliver a 3-phase output allow 3-phase 
motors of less than 5 HP to be used in 
applications in which only single-phase 
power is available. Thus, 3-phase motors 
are standard for HVAC systems in which 
only single-phase power is available but 
energy efficiency is important. 


OPERATING RATINGS 


Operating ratings describe how a motor 
is designed and how that design relates to 
where the motor is to be used. Operating 
ratings include the power rating, usage 
rating, service factor rating, speed rating, 


Phase Ratings 


Em C 
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operating time rating (duty cycle), motor 
efficiency rating, ambient temperature rat- 
ing, and insulation class. These ratings are 
displayed on the nameplate and are critical 
in performing installation and troubleshoot- 
ing procedures. 


Power Rating 


The power rating is the amount of power 
a motor can deliver to a load. For motors 
of ¥% HP or more, the horsepower rating 
must be placed on the motor nameplate. 
The nameplate power rating of a motor is 
abbreviated HP or KW. See Figure 2-8. 
A motor’s nameplate power rating is de- 
termined by the manufacturer and cannot 
be changed. 
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_ Definition 


The phase is the power 
phase (1, 3, or DC) 
that a motor requires 
for operation. The 
phase rating of a motor 
is abbreviated on the 
nameplate as PH. 


The power rating is 
the amount of power a 
motor can deliver toa 
load. 


Figure 2-7. The phase rating is the power phase (1, 36, or DC) that a motor requires. Some electric motor drives allow the 
input power to the drive to be of a different type and at a different voltage level than the power required by the motor. 
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1, 1%, 2,3,5, 7%, 10, 15, 20, 25, 30, 40, 50, 60, 75, 100, 125, 150, 200, 250, 300 


350, 400, 450, 500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 3000, 
3500, 4000, 4500, 5000, 5500, 6000, 7000, 8000, 9000, 10,000, 11,000, 12,000, 13,000, 
14,000, 15,000, 16,000, 17,000, 18,000, 19,000, 20,000, 22,500, 30,000, 32,500, 35,000, 


37,500, 40,000, 45,000, 50,000 


FRACTIONAL 


FULL (INTEGRAL) 


NOTE: 

Full-special-order motors 
of greater than 350 HP to 
50,000 HP (depending on 
the manufacturer) must be 
special-ordered from the 
manufacturer's distributor. 


FULL-SPECIAL ORDER 


Figure 2-8. The power rating is the amount of power a motor can deliver to a load. Motors designed for the U.S. market that 
are ‘40 HP or greater are typically rated in HP, and motors that are less than Y%o HP are typically rated in watts (W). 


Motors convert electrical energy into 
rotating mechanical energy. The amount 
of rotating mechanical energy produced 
by a motor determines how much work the 
motor can perform. The amount of power a 
motor produces is not easily measured with 
standard test instruments. A power meter, 
such as a power quality meter, is required 
to measure the amount of power a motor is 
producing or using. 

A motor that is not connected to a load 
will produce less than the nameplate rated 
power. A motor operating the maximum 
load the motor was designed to safely 


handle will produce the nameplate rated 
power (HP or kW). An overloaded motor 
will operate the load by trying to produce 
more power than the motor is rated for. 
The more power produced by a motor, 
the higher the current draw and motor 
temperature. Because higher operating 
temperatures reduce the life of a motor, 
motors should not be operated with loads 
that are greater than what they are designed 
for. Since the operational life of a motor is 
important, selecting the next size higher- 
rated motor for an application will ensure 
longer motor life. 


The power rating of a motor is used when 
selecting or servicing an electric motor 
drive. Typical electric motor drive power 
ratings start at fractional values under | 
HP up to 500 HP or more. When order- 
ing an electric motor drive, the minimum 
power rating of the drive must be equal 
to or greater than the power rating of the 
motor. Electric motor drive manufacturers 
build drives to sizes that follow the standard 
power ratings of motors. 

Motors manufactured in the United 
States (or designed for the U.S. market) that 
are Y20 HP or greater are typically rated in 
HP, and motors that are less than 120 HP 
are typically rated in watts (W). Motors 
manufactured in Europe are usually rated 
in kilowatts (kW), regardless of size. 

For conversion purposes, 0.746 kW 
equals 1 HP. If a motor is rated in kW, a 
general comparison to horsepower can 
be made by dividing the kW rating of the 
motor by 0.746 to get the equivalent HP 
rating. For example, a 3 kW rated motor 
is equal to a 4.02 HP (about 4 HP) motor. 
Likewise, a general comparison of kilowatts 
to horsepower can be made by multiplying 
the HP rating of the motor by 0.746 to get 
the equivalent kW rating. For example, a 
10 HP rated motor is equal to a 7.46 kW 
(about 7.5 kW) motor. 


Usage Rating 


The usage rating is a description of the 
expected or allowed application of a mo- 
tor. Motors are rated for general-purpose 
usage or definite-purpose usage. Motors 
that are rated for general-purpose usage are 
used in a wide range of applications and 
for mechanical loads such as conveyors, 
machine tools, and belt-driven equipment. 
See Figure 2-9. They are also used with 
reciprocating pumps and for moving-air ap- 
plications. Motors rated for general-purpose 
usage are designed to operate under the 
following conditions: 

e ambient temperature not over 40°C 

e altitude not over 3300 ft 

e rigid mounting surface 


e free airflow 
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Figure 2-9. The usage rating is a description of the expected or allowed 


application of a motor. 


Definite-purpose motors are designed 
for usage in a specific application, such as 
the following: 

e washdown-rated motors (in food, bever- 
age, and chemical plants) 


| Definition 


of a motor. 

e submersible pumps (sump pumps, 
drainage pumps, water wells, and septic 
systems) 

e other pumps (for wastewater treatment, 
water treatment, and water recirculation 
systems) 

e hazardous-location, severe-duty motors 
(in dry-cleaning plants. paint factories, 
and grain elevators) 

e instantly reversible motors (for hoists, 
gates, cranes, and mechanical doors) 

e extra-high-torque motors (for hard-start- 
ing loads, etc.) 

e farm-duty or agricultural-rated motors 
(having added protection against dust, 
dirt, and chemicals) 

e irrigation (motors that resist corrosion from 
high-moisture environments and/or envi- 
ronments where chemicals are present) 


The usage rating is a de- 
scription of the expected 
or allowed application 


30 MOTORS 


Definition 


The service factor rating 
is a multiplier that repre- 
sents the amount of load, 
beyond the rated load, 
that can be placed on a 
motor without causing 
damage. 


The speed rating of a 
motor is the approximate 
speed at which the rotor 
of a motor rotates when 
delivering rated power to 
a load. 


Slip is the difference 
between the synchronous 
speed and rated speed of 
a motor. 


[172581425 | 
wan 


e auger drive (for augers and drilling sys- 
tems) 

e HVAC (heating/ventilating/air condi- 
tioning) 

e inverter-duty-rated (motors designed 
to be controlled by variable-frequency 
drives) 

e pool (for swimming pools, water parks, 
and whirlpool hot tubs) 

e AC/DC vacuum (for commercial vacuum 
systems, carwash, and sprayer or fogger 
systems) 


Service Factor Rating 


The service factor rating is a multiplier that 
represents the amount of load, beyond the 
rated load, that can be placed on a motor , 
without causing damage. The service factor 
rating is abbreviated on the nameplate as 
SF. The amount of current at the increased 
load is abbreviated on the nameplate as SFA 
(service factor amps). See Figure 2-10. 


Figure 2-10. The service factor rating is a multiplier that represents the amount 
of extra load that can be placed on a motor without causing damage. 


A motor will attempt to drive a load, 
even if the load exceeds the motor’s power 
rating. A nameplate service rating of 1.00 
(or no listed rating) indicates the motor is 
not designed to safely handle an overloaded 
condition above the motor’s rated power. A 
nameplate service rating higher than 1.00 
indicates the motor was designed to de- 


velop more than its nameplate rated power 
without causing damage to the motor’s 
insulation. Thus, the service factor rating 
is the motor’s margin of overload rating. 
For example, a 10 HP rated motor with a 
service factor of 1.15 can be operated as 
an:11.5 HP motor (10 x 1.15 = 11.5) fora 
short period. Drawbacks to running a mo- 
tor above the rated horsepower are reduced 
motor speed and efficiency and increased 
operating temperature. 

Allowable service factor ratings are 
1.00, 1.15, 1.25, and 1.35. The service 
factor rating is based on the motor operat- 
ing within all other motor specifications 
(frequency rating, ambient temperature 
rating, balanced voltage supply, etc.). When 
the nameplate of a motor does not list a 
service factor rating, a service factor rating 
of 1.00 is assumed and there is no built-in 
safety margin for the motor. Current and 
temperature rise when motors are operated 
at more than rated power (above a service 
factor of 1.00). 


Speed Rating 


The speed rating of a motor is the approxi- 
mate speed at which the rotor of a motor 
rotates when delivering rated power to a load. 
The speed rating is abbreviated on the name- 
plate as RPM. See Figure 2-11. Slip is the 
difference between the synchronous speed 
and rated speed of a motor. Nonsynchro- 
nous motors typically slip approximately 
3% to 5%. 

The synchronous speed of an AC motor 
is based on the number of stator poles and 
the applied frequency. The operating speed 
is the actual nameplate listed speed at which 
the motor develops rated horsepower at 
rated voltage and frequency. For DC mo- 
tors, the speed is determined by the supply 
voltage and/or the amount of field current. 

The top speed of a motor depends upon 
the voltage limits of the motor and the 
motor’s mechanical balancing. Most motor 
manufacturers balance their motors (rotors) 
for speeds up to 25% over nameplate rated 
speeds. Thus, it is recommended to not 
operate a motor at more than 20% over its 


nameplate speed rating. Operating a mo- 
tor below its rated speed usually does not 
produce a dangerous situation in which 
the motor produces an accident, but can 
still damage the motor. Motor damage is 
usually a result of the increased current and 
reduced cooling (with fan-cooled motors) 
at lower operating speeds. Reduced cooling 
problems are solved by using a motor rated 
for operation with electric motor drives. The 
cooling fan operates at full speed regardless 
of actual motor shaft speed. 


Operating Time Rating (Duty 
Cycle) 

The operating time rating, or duty cycle, is 
the amount of time a motor can be operated 
without being turned OFF to allow for cool- 
ing. The operating time rating (duty cycle) 
is abbreviated on the nameplate as DUTY, 
DUTY CYCLE, or TIME RATING. Motors 
designed to operate for unlimited periods 
are marked CONT (for “continuous”’) on the 
motor nameplate, or have no designation. 
Motors designed to operate for intermittent 
duty are marked INTER on the nameplate, 
or will have a time rating listed. Intermit- 
tent-duty motor time ratings are listed as 5, 
15, 30, or 60 minutes. See Figure 2-12. 

Most motors can be operated for any 
length of time. However, some motors are 
designed to operate only for short periods. 
Continuous-duty motors are designed to 
operate at higher temperatures. Intermittent- 
duty motors are not designed for high-tem- 
perature operation and require time to cool 
off between operating periods. For example, 
a compressor motor may need to shut off for 
one hour after running one hour, to allow 
time for it to cool. 

Intermittent-rated motors are used in 
applications such as compressors, waste- 
disposal systems (garbage disposals), 
electric hoists, gate-opening motors, and 
other applications in which the motor need 
only be turned on for short time periods 
to meet the application requirements. Us- 
ing an intermittent-rated motor instead of 
a continuous-rated motor in applications 
in which the motor is to be ON for short 
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periods is more cost-effective because in- 
termittent-rated motors are less expensive 
than continuous-rated motors with the same 
power rating. 


Motor Efficiency Rating 


Motor efficiency is a measure of the ef- 
fectiveness with which a motor converts 
electrical energy to mechanical energy. The 
motor efficiency rating is abbreviated on the 
nameplate as EFF or NEMA NOM EFF. 
See Figure 2-13. Efficiency is the ratio of 
motor power output to supply power input. 
All motors take more power to operate 
than they can produce, because of power 
losses within the motor. Power losses occur 
because of losses from friction and heat 
within the motor. 


speed Ratings 


| Definition 


The operating time rat- 
ing, or duty cycle, is the 
amount of time a motor 
can be operated without 
being turned OFF to 
allow for cooling. 


Motor efficiency is a 
measure of the effec- 
tiveness with which a 
motor converts electrical 
energy to mechanical 
energy. 


Figure 2-11. The speed rating of a motor is the approximate speed at which 
a motor rotates when delivering rated power to a load. Slip is the difference 
between the synchronous speed and rated speed of a motor. 
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Figure 2-12. The duty cycle is the amount of time a motor can be operated without being 
turned OFF to allow for cooling. 
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Figure 2-13. Motor efficiency is a measure of the effectiveness with which a motor converts 
electrical energy to mechanical energy. Energy-efficient motors are more expensive than stan- 


dard motors but cost less to operate. 
Typically, efficiency ratings listed on 
motor nameplates are nominal efficiencies 
at full load. A nominal efficiency value rep- 
resents a value not greater than the average 
efficiency of a large population of motors 
tested of the same type and design. 
Motor manufacturers produce both 
standard and energy-efficient motors. 
Energy-efficient motors are more expensive 
than standard motors but cost less to oper- 
ate. Energy-efficient motors are built more 
ruggedly than standard motors and include 
larger rotor bars and increased laminations. 
This reduces losses and increases torque. 
Since this type of motor is designed to run 
cooler, the life of the insulation and bear- 
ings is improved. Energy-efficient motors 
can endure excessive voltage and current, 
overload, and unbalance conditions better 
than standard motors. Likewise, energy- 
efficient motors operate better on nonsinu- 


soidal waveforms and are better suited for 
use with variable-frequency drives, which 
distort sine waves. 

Because motors consume so much 
energy, a higher efficiency rating results 
in lower operating cost to the user and 
requires less energy produced by the util- 
ity company. For this reason, the Energy 
Policy Act of 1992 (EPACT 92) was cre- 
ated and took effect in 1997. EPACT 92 
sets minimum energy-efficiency levels for 
most general-purpose, 3-phase motors from 
1 HP to 200 HP sold in the United States. 
A motor’s energy efficiency rating is listed 
on the motor nameplate. 


Btech Fact 


Motor efficiency is usually stated numeri- 
cally. On some motors, efficiency may be 
stated as a motor efficiency index letter. 
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tin 


The ambient tem- 
perature rating is the 
maximum allowable 
temperature of the air 
surrounding an object. 


The temperature rise is 
the difference between 
the winding temperature 
of a running motor and 
the ambient temperature 


The permissible 
temperature rise is the 
difference between the 
ambient temperature and 
the nameplate ambient 
rating of a motor. 


The insulation class is a 
code letter signifying the 
maximum operating tem- 
perature of the insulation 
used in a motor. 


The frame size is a 
number designating 
standard dimensions of 
a motor housing, shaft, 
and mounting holes. 


Ambient Temperature Rating 


The ambient temperature rating is the 
maximum allowable temperature of the air 
surrounding an object. The temperature of 
a motor rises as work is performed. Ambi- 
ent temperature rating is abbreviated on the 
nameplate as AMB, MAX AMB, or DEG. 
The temperature rise is the difference be- 
tween the winding temperature of a running 
motor and the ambient temperature. The 
permissible temperature rise is the differ- 
ence between the ambient temperature and 
the nameplate ambient rating of a motor. 
A typical ambient temperature rating is 
104°F (40°C). See Figure 2-14. A motor 
without a rating is assumed to be rated at 
40°C. Motors designed to operate in higher- 
ambient-temperature areas should have 
additional cooling or have a higher rating 
(such as a 55°C nameplate rating). Although 
a motor nameplate only lists the maximum 
ambient temperature at which the motor was 
designed to operate, a motor also has a lower 
temperature rating that can be found in the 
motor specifications. This lower limit is typi- 
cally —25°C, unless stated otherwise. 
Higher temperatures caused either by an 
increase in the ambient air temperature or 
by overloading the motor will damage the 
motor’s insulation and break down bearing 
lubricants. Typically, for every 10°C above 
the rated temperature limit of a motor, the 
motor’s life will be cut in half. Heat destroys 
insulation, and the higher the heat, the 
greater and faster the damage occurs. 
Motor installations with an ambient 
temperature above the rated ambient tem- 
perature of the motor require the use of a 
temperature correction factor. The correc- 
tion factor derates motor specifications to 
prevent damage caused by environmental 
conditions other than what is stated by the 
manufacturer on the motor nameplate. 
Ambient temperature correction charts 
provide temperature correction factors to 
derate motor specifications. Correction charts 
provide correction factors for temperatures 
above and below ambient temperature, but 
derating is typically applied when ambient 
temperature around the motor is above the 


listed ambient temperature rating of the mo- 
tor. See Figure 2-15. For example, when the 
ambient temperature is 50°C (122°F), a motor 
must be derated to about 95% of full load. 


Insulation Class 


The insulation class is a code letter signify- 
ing the maximum operating temperature of 
the insulation used in a motor. Insulation 
class is abbreviated on the nameplate as 
INS CL. See Figure 2-16. Motor insula- 
tion prevents motor coils (windings) from 
shorting to each other or to ground (frame 
of motor). Insulation breakdown is the most 
common cause of motor failure. 

Insulation is graded by its resistance to 
thermal aging and failure. The insulation 
class represents the maximum temperature 
at which the insulation can be operated to 
yield an average life of 20,000 hours. Each 
insulation class step—from A to B, B to F, 
and F to H—tepresents a 45°F (25°C) jump 
in the maximum operating temperature. If 
there is no temperature rating listed on the 
nameplate, the insulation is typically Class 
B. Class A is the least common insulation in 
use. Class F is the most commonly used mo- 
tor insulation. Class H is the best rated and 
should be used in any application in which a 
motor drive is used to operate the motor. 

The class of winding insulation affects 
the service factor rating. As the quality of 
the insulation rises, the service factor rating 
also improves. If the motor has been taken 
out of service and rewound, the insulation 
class of the winding is usually higher than 
the class listed on the nameplate. Most 
motor repair technicians use a higher class 
of winding conductor insulation during 
the rewinding process of a used or dam- 
aged motor. The higher class of insulation 
ensures that the motor’s new service factor 
rating is equal to or greater than the motor’s 
original service factor rating. 

All insulation deteriorates over time 
due to the effects of thermal stress (heat), 
high-voltage spikes (transient voltages), 
contaminants, and mechanical stress. Heat 
buildup in a motor is caused by several fac- 
tors such as the following: 
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e incorrect motor type or size for an 
application 

e improper cooling, often from dirt build- 
up 

e excessive load, often from improper use 


e excessive friction, often from misalign- 


. : AMBIENT TEMPERATURE DECREASES 
ment or vibration 


PERMISSIBLE TEMPERATURE RISE 
e electrical problems, such as voltage un- pic GEASES 


balance, phase loss, or surge voltages 
h ; ; ‘ AMBIENT TEMPERATURE INCREASES 
e harmonics on the supply lines, especially Bee ote eure cen RISE 


negative sequence harmonics (Sth, 11th, DECREASES 
17th, etc.) 


e nonsinusoidal waveforms produced by 
electric motor drives 


e frequent starting and stopping 


MECHANICAL-DESIGN 
CODES 


Mechanical-design codes describe the 
different types of motor design features. 
Mechanical-design codes on a motor 
nameplate include frame size, NEMA de- 
sign letter, enclosure type, and type of mo- 
tor bearings. Following the guidelines on 


mechanical-design codes when installin i i 
Ue & ee 8 Temperature Maximum Ambient | Temperature 
or servicing a motor results in improved Temperature Rise 


efficiency and lower operating cost. MOTOR 1 = 77°F (25°C) 104°F (40°C) 27°F (15°C)* 
MOTOR 2 = 86°F (30°C) 104°F (40°C) 18°F (10°C) 
: MOTOR 3 = 95°F (35°C 104°F (40°C 9°F (5°C 
Frame Size ese) i) i) 
MOTOR 4 = 104°F (40°C) 104°F (40°C) 0°F (0°C)t 


The frame size is a number designating - ane nen Oe 
standard dimensions of a motor housing, T Most motor cooling required 
shaft, and mounting holes. Frame size rat- 
ings are abbreviated on the nameplate as 
FR. All motors have a frame to protect the 

working parts of the motor and provide a f m 
means of mounting. Standardized dimen- r = n : 
sions allow for interchangeability among 
different motor manufacturers. 

Frame size follows standards estab- 
lished by either the National Electrical 
Manufacturers Association (NEMA) or 
the International Electrotechnical Com- 
mission (IEC). Dimensionally, NEMA 
standards are expressed in English units 
and IEC standards are expressed in metric Figure 2-14. The ambient temperature rating is the maximum allowable 
units. For both NEMA and IEC standards, temperature of the air surrounding an object. The permissible temperature 


the larger the frame size number, the larger rise is the difference between the ambient temperature and the nameplate 
ambient temperature rating of a motor. 


Ambient Listed Motor Permissible 


the motor. 
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Figure 2-15. Ambient temperature correction charts provide temperature 
correction factors to derate motor specifications. 
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Figure 2-16. The insulation class is a code letter signifying the maximum 
operating temperature of the insulation used in a motor. 


Motors manufactured before 1952 were 
made with standard frame sizes and are des- 
ignated as “original.” In 1952, new frame as- 
signments were made to reflect improvements 
in motor design and manufacture. These mo- 
tor frame sizes are designated as “U” frames. 
Some of these older motors are still operating 
in industry. In 1964, the modern “T” frame 
sizes were introduced. This designation is 
still in use. The actual dimensions are readily 
available in tables. See Figure 2-17. In some 
cases, a letter is added after the frame number 
to designate special-purpose motors, such as 
an S for short shaft for direct connections. 


Fractional-Horsepower Frames. Fractional- 
HP motors all have two-digit frame numbers. 
Frame numbers for most NEMA motors with 
a dimension of 3⁄2” or less from the bottom 
of the base to the center of the shaft have two 
digits. For example, common NEMA frame 
sizes for small frame motors include 42, 48, 
and 56. Typically, all two-digit frame numbers 
are for motors with a power rating of less than 
1 HP. However, there are a few motors with 
a power rating of more than 1 HP that fit into 
these frames, so it is somewhat misleading to 
refer to these as fractional-HP frames. 

For fractional-HP frame sizes, the frame 
number represents the distance from the 
bottom of the base to the center of the shaft 
in 16ths of an inch. For example, a size 56 
frame has a dimension of 344” (56+ 16 =3.5) 
from the bottom of the base to the center of 
the shaft. See Figure 2-18. 


Integral-Horsepower Frames. Integral- 
HP motors have three- or four-digit frame 
numbers. For integral-HP frame sizes, the 
first two digits of the frame number represent 
the distance from the bottom of the base to 
the center of the shaft in 4ths of an inch. For 
example, a size 505 frame has a dimension 
of 122” (50 + 4 = 12.5) from the bottom of 
the base to the center of the shaft. 


ect Beat a 


For motors larger than 200 HP. motor frames 
are not generally standardized because 
these motors need to be special-ordered 
from the manufacturer. 


| 


Motor Frame Dimensions 
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Designation 


Sump pump motor 


Oil burner motor 
Standard short shaft for direct connection 


Standard dimensions established 
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Special mounting dimensions required 
from manufacturer 
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Figure 2-17. The frame siz 


Standardized dimensions allow 


e is a number designating standard dimensions of a motor housing, shaft, and mounting holes. 


for interchangeability among different motor manufacturers. 
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Figure 2-18. For fractional-HP frame sizes, the frame number rengem the distance from the bottom of the base to the 
center of the shaft in 16ths of an inch. 


Definition _ 


The NEMA design 

letter is a code letter 
representing a National 
Electrical Manufactur- 
ers Association (NEMA) 
motor classification for 
the torque and current 
curves of a motor 


The third and fourth Gf required) numbers 
in the frame number are assigned by doubling 
dimension F of the motor and applying the 
Motor Frame Table. See Figure 2-19. A 505 
frame has a value of 18.00 in the table at the 
intersection of row 500 and column 5. This 
means that dimension F of the motor is half 
that, or 9”. In other words, a 505 frame motor 
has a dimension of 12!4” from the base to the 
center of the shaft and 9” from the center of the 
motor to the center of the mounting holes. 


NEMA Design Letter 


The NEMA design letter is a code letter rep- 
resenting a National Electrical Manufacturers 


Association (NEMA) motor classification 
for the torque and current curves of a motor. 
NEMA design letters are shown on the name- 
plate as NEMA DESIGN. See Figure 2-20. 
Motors with the same horsepower rating may 
need different torque curves and starting cur- 
rent. Motor designs may be listed as designs 
A through D. The design code letter indicated 
different rotor designs, with different resis- 
tance and reactance characteristics that affect 
the available torque and current. 

The design rating listed on motor name- 
plates is used mostly to indicate the amount 
of starting torque a motor has in comparison 
to its running torque. Motors are suited for 
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specific applications because each motor Design code letters indicate motor speed 
type has specific power, torque, and speed and torque characteristics. Design code 
characteristics. The basic characteristics of letters should not be confused with the 
each motor are determined by the design of _ locked-rotor indicating code letters. Design 
the motor. Motors are designed for high ef- code letters indicate motor design charac- 
ficiency, high starting torque, or high power teristics while the locked-rotor indicating 
factor, but generally cannot be optimized for code letters indicate the current draw while 
all three characteristics. the rotor is locked. 


Integral-HP Frames _ 
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Figure 2-19. For integral-HP frame sizes, the first two digits of the frame number represent the distance from the bottom 
of the base to the center of the shaft in 4ths of an inch. The third and fourth (if required) numbers in the frame number are 
assigned by doubling dimension F of the motor and applying the Motor Frame Table. 
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Figure 2-20. The NEMA design letter is a code letter representing a National Electrical Manufacturers Association (NEMA) 
motor classification for the torque and current curves of a motor. 


Definition _ Be a 


A design A motor is a 
seldom-used integral- 
horsepower 3-phase 
induction motor design 
made for full-voltage 
starting, with normal val- 
ues of breakdown torque 
and locked-rotor torque. 


A design B motor is an 
integral-horsepower 
3-phase induction motor 
design made for full-volt- 
age starting, with normal 
values of breakdown 
torque and locked-rotor 
torque not exceeding a 
specified value. 


A design C motor is an in- 
tegral-horsepower 3-phase 
induction motor design 
made for full-voltage start- 
g and high locked-rotor 
ith locked-rotor 
not exceeding a 


l valeo 
4 VOUE. 


NEMA Design A Motors. A design A mo- 
tor is a seldom-used integral-horsepower 
3-phase induction motor design made for 
full-voltage starting, with normal values of 
breakdown torque and locked-rotor torque. 
The locked-rotor current is higher than for 
design B, C, and D motors. Design A motors 
have maximum 5% slip. 


NEMA Design B Motors. A design B mo- 
tor is an integral-horsepower 3-phase in- 
duction motor design made for full-voltage 
starting, with normal values of breakdown 
torque and locked-rotor torque not exceed- 
ing a specified value. A design B motor has 
maximum 5% slip. See Figure 2-21. 
Design B motors have a locked-rotor 
torque of about 150% of full-load torque. The 
breakdown torque is about 200% of full-load 
torque. The starting current is up to about 
600% to 650% of running full-load current. 
Design B motors are the most common 
type of industrial motors in use today. 
Design B motors are designed for a broad 
variety of applications. They are often seen 


in HVAC applications providing power for 
fans and blowers and in industrial applica- 
tions providing power for pumps. 


NEMA Design C Motors. A design C 
motor is an integral-horsepower 3-phase 
induction motor design made for full-volt- 
age starting and high locked-rotor torque, 
with locked-rotor current not exceeding 
a specified value. A design C motor has 
maximum 5% slip. Design C motors are 
suitable for equipment with high-inertia 
starts, such as positive-displacement 
pumps and heavily loaded conveyors. See 
Figure 2-22. 


NEMA Design D Motors. A design D mo- 
tor is an integral-horsepower 3-phase in- 
duction motor design made for full-voltage 
starting and locked-rotor torque of at least 
275% of full-load torque, with locked-ro- 
tor current not exceeding a specified value. 
A design D motor has minimum 5% slip. 
Design D motors are suitable for equip- 
ment with very-high-inertia starts, such as 
cranes and hoists. See Figure 2-23. 
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NEMA Design B Motors 
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Figure 2-21. A design B motor has normal locked-rotor torque, low slip, and fairly high starting current. 


Single-Phase Motor Designs. A design L NEMA Design C Motors 

motor is an integral-horsepower single-phase e eee 
motor design made for full-voltage starting 
and locked-rotor torque higher than for design 
M, N, and O motors. A design M motor is an 
integral-horsepower single-phase motor de- j 
sign made for full-voltage starting and locked- l | PREARDOWN 
rotor current not exceeding specified values. | ) 
A design N motor is a fractional-horsepower 
single-phase motor design made for full- 
voltage starting and locked-rotor current not 
exceeding specified values. A design O motor 
is a fractional-horsepower single-phase motor 
designed for full-voltage starting and locked- 
rotor current not exceeding specified values, 
which are higher than for design N motors. 
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Enclosure Type 

Enclosure type is the type of protection 
given to a motor to shield the motor from 
the outside environment as well as to protect 
individuals from the electrical and rotating 
parts of the motor. Enclosure type is abbre- Figure 2-22. A design C motor has higher locked-rotor torque than a design 
viated on the nameplate as ENCL. B motor, with low slip. 


10 20 30 40 50 60 70 80 90 100 


Percent Synchronous Speed 


tL OSA SA USE ETS 


_- LOCKED-ROTOR 


v 
Š 
o 
ö 
= 
5 
5 
Ò 
a 
Z 
= 
i 
t 
Z 
® 
° 
ho 
o 
à 


TORQUE 


13% SLIP 


10 20 30 40 50 60 70 80 90 100 
Percent Synchronous Speed 


Figure 2-23. A design D motor has the highest locked-rotor torque, with 
higher slip than design B and design C motors. 


“Definition _ 


A design D motor is an 
integral-horsepower 
3-phase induction mo- 
tor design made for 
full-voltage starting and 
locked-rotor torque of at 
least 275% of full-load 
torque, with locked-rotor 
current not exceeding a 
specified value. 


Enclosure type is the 
type of protection given 
to a motor to shield the 
motor from the outside 
environment as well as to 
protect individuals from 
the electrical and rotat- 
ing parts of the motor. 


An open motor enclo- 
sure is a motor enclo- 
sure with openings to 
allow passage of air to 
cool the windings. 


A totally enclosed motor 
enclosure is a motor 
enclosure that prevents air 
from entering the motor. 


A wide variety of motor enclosures 
is available, with the type of enclosure 
affecting the cost of the motor. The dif- 
ferent enclosure types provide simple and 
economical enclosure designs for standard 
operating conditions, while allowing for 
more-expensive enclosure designs for mo- 
tors that require more protection from the 
environment. Typical operating environ- 
ments for totally enclosed motor cnclosures 
include the following: i 
e Wet locations (rain, snow, sleet, wash- 

down, etc.) 

e Dirty locations (dirt, noncombustible 
dust, etc.) 

e Oily locations (lubricants, cutting oils, 
coolants, etc.) 

e Corrosive locations (salt, chlorine, fertil- 
izers, chemicals, etc.) 

e Extremely low- and high-temperature 
locations (ranging from well below zero 
to above boiling water temperatures) 

e Gas and other hazardous locations (liq- 
uid and solid) 

e Combustible dust locations (grain and 
chemical) 


Because of the many types of operating 
environments, two general classifications for 
motor enclosures have been developed. The 
two classifications are open motor enclosures 
and totally enclosed motor enclosures. 


Open Motor Enclosures. An open motor 
enclosure is a motor enclosure with open- 
ings to allow passage of air to cool the 
windings. Open motor enclosures include 
general, drip-proof, splashproof, guarded, 
semiguarded, and drip-proof fully guarded 
types. See Figure 2-24. 


Totally Enclosed Motor Enclosures. A 
totally enclosed motor enclosure is a motor 
enclosure that prevents air from entering 
the motor. Protecting individuals from the 
electrical and rotating parts of a motor can be 
accomplished using a basic enclosure. How- 
ever, protecting a motor from all the outside 
environments motors must operate in requires 
much more than a basic enclosure. Totally en- 
closed motor enclosures include fan-cooled, 
nonventilated, pipe-ventilated, water-cooled, 
explosionproof, dust-ignition-proof, and wa- 

terproof types. See Figure 2-25. 

Common Enclosure Abbreviations. The 

descriptions of the many types of open 

and totally enclosed motor enclosures 
are too long to include on the nameplate. 

Therefore, abbreviations are used. Typical 

motor enclosure abbreviations include the 

following: 

e ODP (open drip-proof) with a fan and 
air openings for use in clean, dry, non- 
hazardous locations 

e TENV (totally enclosed nonventilated) 
without a fan for use in moist, dirty, non- 
hazardous locations where a fan would 
clog 

e TEFC (totally enclosed fan-cooled) with 
a small fan at the rear shaft of the motor 
for use in common industrial and com- 
mercial applications 

e TEAO (totally enclosed air over) without 
a fan for use installed in the airstream of 
a driven blower or fan 

e TEBC (totally enclosed blower-cooled) 
with a constant-speed fan for use with 
variable-speed drives 


Open Motor Enclosures 


Ventilation openings permit 
passage of external cooling 
air over motor windings. 
Rotating and live parts are 
not guarded. 


AIR IN 


VENTILATION OPENINGS 


GENERAL 
| 
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LIQUID DROPS 


LIQUID DROPS 


SOLID PARTICLES 


Motor frame protects motor 
windings against liquid drops 
and solid particles within 

0° to 15° of vertical. 


Motor frame protects motor 
windings against liquid 
drops and solid particles 
within 0° to 100° of vertical. 
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Openings with direct access 
to live or rotating parts are 
limited in size to prevent 
accidental contact. Openings 
shall not permit passage of 
a .75" D (19 mm) rod. 


.75" D ROD CANNOT 
ENTER OPENINGS 


Openings personnel are 
likely to come into contact 
with are guarded. The guard 
is designed to protect 
personnel, not the motor. 


SEMI-GUARDED 


Ventilation openings are 
arranged to minimize the 
entrance of rain, snow, 
and airborne particles. 


VENTILATION OPENINGS 


Se 


SPLASHPROOF DRIPPROOF FULLY GUARDED 


Figure 2-24. An open motor enclosure is a motor enclosure with openings to allow passage of air to cool the windings. 
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The fan, protected by a cover 
or hood, provides external 
cooling air to reach enclosed 
motor parts. 


FAN-COOLED 


Motor is not self-equipped 
for cooling enclosed 
motor parts. 


-NO FAN 


NONVENTILATED 


Openings are arranged so 
that pipes provide air to 
reach enclosed motor parts. 
There is no exchange of 
piped-in air with external air. 


PIPE PROVIDES AIR 


PIPE-VENTILATED 


y= 
y, SLINGER 


VANES 


Pipes provide circulated 
water to enclosed motor part 


PIPE PROVIDES 
os CIRCULATED WATER 


WATER-COOLED 


Motor is not self-equipped 
for cooling enclosed 
motor parts. 


NO COOLING PROVIDED 


EXPLOSIONPROOF 


Dust cannot enter motor 
and ignite. 


Wey 


DUST-IGNITIONPROOF 


WATER 


Motor is completely 
waterproof. Water 
provides cooling. 


WATERPROOF 


Figure 2-25. A totally enclosed motor enclosure is a motor enclosure that prevents air from entering the motor. 


e TEWC (totally enclosed water-cooled) 
with water cooling for use in enclosed 
areas or for high power at low speeds 


Hazardous-location motors include a 
hazardous-location listing specifying the 
hazardous classification and group rating 
(such as a Class 1, Group D rating). 


Motor Bearings 


A motor bearing is a machine compo- 
nent used to reduce friction and maintain 
clearance between stationary and moving 
parts. Bearing type is abbreviated on the 
nameplate as BRGS. See Figure 2-26. The 
type of bearing used on a motor is listed 
on the motor nameplate as “BALL” or 
“SLEEVE.” Bearings may be either sleeve 
or ball designs. Both ball bearings and 
sleeve bearings are used with different-size 
motors ranging from fractional-HP to mo- 
tors with hundreds of horsepower. Sleeve 
bearings are used where a low noise level is 
important, such as fan and blower motors. 
Ball bearings are used where higher load 
capacity is required or periodic lubrication 
is not practical. 

Most motors include light-duty-rated 
or medium-duty-rated bearings. Heavy- 
duty-rated bearings are also used in some 
application-rated motors in which the load 
driven by the motor produces forces on 
the motor shaft. In some application-rated 
motors, the drive-end bearing has a higher 
load rating for longer motor life. Some 
ball and sleeve bearings include a method 
of lubricating the bearings (slot, fitting, 
etc.). Some bearings, such as those from 
mostly lower-power-rated motors, cannot 
be lubricated. 

Motors are often lubricated at the fac- 
tory to provide long operation without lu- 
brication under normal service conditions. 
Frequent or excessive lubrication may 
damage a motor. The length of time be- 
tween lubrications depends on the motor’s 
service conditions, ambient temperature, 
and environment. The proper lubrication 
instructions are typically found on the mo- 
tor nameplate or terminal box cover. Sleeve 
bearings should be lubricated according to 
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the instructions provided with the motor. 
Ball bearings are designed for many years of 
operation without lubrication. Typical ball 
bearing lubrication schedules vary from | yr 
to 10 yr. While the vast majority of bearing 
failures are due to mechanical and thermal 
problems, a significant number of failures 
are due to bearing currents. 


Dien rot 


Lubricant containers should be disposed 
of in an environmentally safe manner and 
in accordance with local, state, and federal 
regulations for petroleum distillates. 


Motor Bearings 
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BEARING 
SURFACE 


Sleeve 
FRICTION 


MOVING 
BEARING 
SURFACE 


Roller 


ANTIFRICTION 


| Definition 


A motor bearing is a 
machine component 
used to reduce friction 
and maintain clearance 
between stationary and 
moving parts. Bearing 
type is abbreviated on 
the nameplate as BRGS. 
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Figure 2-26. A motor bearing is a machine component used to reduce friction 
and maintain clearance between stationary and moving parts. 


Application— Motor Nameplate 


Application—Applying Motor 
Nameplate Specifications 

Motors are purchased from motor manufac- 
turers, electrical distributors, and/or electri- 
cal supply houses. A specific motor model 
is selected either because it meets a certain 
design established by an original equipment 
manufacturer (OEM) installing the motor as 
part of an original installation, or because 
it is needed to replace a damaged motor 
already in service. 


If a motor is being selected as part of an 
original design, the information provided in the 
motor catalog or specification sheet is used to 
select the best model that meets the design 
requirements. If a motor is being selected 
to replace a damaged motor, the damaged 
motors nameplate is used to select the best 
model to replace the damaged motor. For 
example, a replacement motor is required 
for a specific application. The requirements 
are for 5 HP, 230 V, 3-phase, 1800 rpm, 
182T frame, and insulation class F. From the 
Motor Selection Table, the motor specified 
as stock number 6 should work properly in 
this application. 


When selecting a motor model to be used 
in either an original equipment and application 
design or as a replacement for a damaged 
motor, several factors must be considered. 
Considerations include the following: 


e The motor cost. For a manufacturer of 
equipment that requires a motor, the 
purchase cost of the motor is important 
because it must be factored into the total 
cost of the equipment’s list price. For 
customers who require the supplier to 
provide a written bid on equipment that 
they purchase, a few dollars’ difference 
may mean the difference between a 
certain supplier getting the order or not. 
For the customer paying to operate the 
motor, the operating cost of the motor is 
taken into consideration. 


e The amount of current the motor will 
draw. For any given size motor (in HP or 
kW), there is a choice of voltages that 
the motor can be connected to. A motor 


that can be connected to 460 V instead 
of 230 V will draw about half the amount 
of line current and still deliver the same 
amount of power. Since it is the current 
that determines conductor (wire) size, 
fuse size, and motor control size, the 
lower the current, the less the installation 
cost. See Conductor Ratings. 


The motor control method. If a motor is 
to be controlled with mechanical con- 
trols (magnetic motor starters, etc.), the 
mechanical controls will not add any 
additional stresses on the motor. How- 
ever, if the motor is to be controlled by 
a variable-frequency drive, the drive will 
produce additional stress on the motor 
(voltage spikes, harmonics, etc.) that 
needs to be considered. Such problems 
are compensated for by using a bet- 
ter class of motor insulation (Class H 
instead of F, F instead of B, etc.), or by 
using a motor one size larger. 


The available voltage. Any change in the 
voltage applied to a motor will change 
the amount of current the motor draws. 
For example, a motor can be rated to op- 
erate on 208-230/460 volts. The reason 
for the 208 V rating is that it is the typical 
voltage delivered by a 120/208 V wye 
service, which is common in schools and 
other commercial locations. The reason 
for the 230 V rating is that it is the typical 
voltage delivered by a 120/240 V delta 
service, which is common in industrial 
locations. A % HP 208—230/460 V rated 
motor will typically have a 2.7-2.6/1.3 A 
rating. Note that, although the motor can 
be connected to either 208 V or 230 V, 
the motor will actually draw more current 
at 208 V than at 230 V. 


The location in which the motor will 
be placed. A new motor will operate in 
almost any environment the motor is 
placed in. How long and how safely the 
motor will operate depends upon factors 
such as the motors enclosure rating, 
insulation rating, service factor rating, 
and design code. 
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NEMA RATED MOTORS 
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Application—Wiotor insulation 
Life 

insulation breakdown is the main cause of 
motor failure. Different types of insulation 
have different tolerances for high operating 
temperatures. Although several factors, 
such as chemical corrosion, physical dam- 
age, heat, or moisture, can cause motor 
insulation to fail, overheating causes most 
insulation failure. Motors overheat when 
they are overloaded, required to operate in 
a hotter environment than the insulation is 
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rated for, are supplied with any voltage other ` 
than the voltage specified, have blocked 
ventilation passageways, Or are notproperly — 
mounted and balanced. 


If motor is properly sized and mounted 
and the motor insulation is not damaged, 
a typical motor usually will have a life 
expectancy of 20,000 hr to 60,000 hr. Mo- 
tor manufacturers use charts to show the 
expected insulation life based on the type | 
of insulation and the maximum temperature 
the insulation can withstand. | 
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Electrical ratings describe the electrical requirements for the operation of a motor. 


Electrical ratings included on motor nameplates include a voltage rating, current rating, frequency rating, and 
phase rating. 


Operating ratings describe how a motor is designed and how that design relates to where the motor is to be 
used. 


Operating ratings include the power rating, usage rating, service factor rating, speed rating, operating time rat- 
ing (duty cycle), motor efficiency rating, ambient temperature rating, and insulation class. 


Mechanical-design codes describe the different types of motor design features. 


Mechanical-design codes on a motor nameplate include frame size. NEMA design letter, enclosure type, and 
type of motor bearings. 


Motors are rated for general-purpose usage or definite-purpose usage. Motors that are rated for general-purpose 
usage are used in a wide range of applications and for mechanical loads such as conveyors, machine tools, and 
belt-driven equipment. Definite-purpose motors are designed for applications in which the motor’s usage is for 
a specific application. 


Energy-efficient motors are more expensive than standard motors but cost less to operate. Because motors 
consume so much energy, a higher efficiency rating results in lower operating cost to the user and requires less 
energy produced by the utility company. 


A wide variety of motor enclosures are available, with the type of enclosure affecting the cost of the motor. The 
different enclosure types provide simple and economical enclosure designs for simple operating conditions, 
while allowing for more-expensive enclosure designs for motors that require more protection from a harsher 
environment. 


ilossary... 


nameplate is a metal tag permanently attached to an electric motor that gives the required electrical ratings, 
perating ratings, and mechanical-design codes of the motor. 
he voltage rating is the voltage level that a motor can use. 
he current rating is the amount of current a motor draws when delivering full rated power output. 


he locked-rotor indicating code letter is a designation for the range of locked-rotor current draw per motor 
orsepower. 

ocked-rotor current (LRC), or starting current, or inrush current, is the amount of current a motor draws on 
tartup or when the rotor is locked. 


he frequency rating is the power line frequency at which a motor is designed to operate. 
he phase is the power phase (1, 36, or DC) that a motor requires for operation. 
he power rating is the amount of power a motor can deliver to a load. 


er 
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The usage rating is a description of the expected or allowed application of a motor. 


The service factor rating is a multiplier that represents the amount of load, beyond the rated load, that can be 
placed on a motor without causing damage. 


The speed rating of a motor is the approximate speed at which the rotor of a motor rotates when delivering rated 
power to a load. ` 


Slip is the difference between the synchronous speed and rated speed of a motor. 


The operating time rating, or duty cycle, is the amount of time a motor can be operated without being turned 
OFF to allow for cooling. 


Motor efficiency is a measure of the effectiveness with which a motor converts electrical energy to mechanical 
energy. 


The ambient temperature rating is the maximum allowable temperature of the air surrounding an object. 


The temperature rise is the difference between the winding temperature of a running motor and the ambient 
temperature. 


è 
The permissible temperature rise is the difference between the ambient temperature and the nameplate ambi- 
ent temperature rating of a motor. 


The insulation class is a code letter signifying the maximum operating temperature of the insulation used in 
a motor. 


The frame size is a number designating standard dimensions of a motor housing, shaft, and mounting holes. 


The NEMA design letter is a code letter representing a National Electrical Manufacturers Association (NEMA) 
motor classification for the torque and current curves of a motor. 


A design A motor is a seldom-used integral-horsepower 3-phase induction motor design made for full-voltage 
starting, with normal values of breakdown torque and locked-rotor torque. 


A design B motor is an integral-horsepower 3-phase induction motor design made for full-voltage starting, with 
normal values of breakdown torque and locked-rotor torque not exceeding a specified value. 


A design C motor is an integral-horsepower 3-phase induction motor design made for full-voltage starting and 
high locked-rotor torque, with locked-rotor current not exceeding a specified value. 


A design D motor is an integral-horsepower 3-phase induction motor design made for full-voltage starting and 
locked-rotor torque of at least 275% of full-load torque, with locked-rotor current not exceeding a specified value. 


A design L motor is an integral-horsepower single-phase motor design made for full-voltage starting and locked- 
rotor torque higher than for design M, N, and O motors. 


A design M motoris an integral-horsepower single-phase motor design made for full-voltage starting and locked- 
rotor current not exceeding specified values. 


A design N motoris a fractional-horsepower single-phase motor design made for full-voltage starting and locked- 
rotor Current not exceeding specified values. 


A design O motoris a fractional-horsepower single-phase motor designed for full-voltage starting and locked-rotor 
current not exceeding specified values, which are higher than for design N motors. 


Enclosure typeis the type of protection given to a motor to shield the motor from the outside environment as well 
as to protect individuals from the electrical and rotating parts of the motor. 


An open motor enclosure is a motor enclosure with openings to allow passage of air to cool the windings. 
A totally enclosed motor enclosure is a motor enclosure that prevents air from entering the motor. 


A motor bearing is a machine component used to reduce friction and maintain clearance between stationary 
and moving parts. 


STATEMENT 
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1. Why are electrical ratings provided on a motor nameplate? 
2. Explain how the voltage and current ratings are used when purchasing or installing a motor. 
3. Why are operating ratings provided on a motor nameplate? 


4. Explain how high operating temperatures shorten the operating life of a motor. Explain why intermittent-duty 
motors require time to cool off. 


5. Why are mechanical-design codes provided on a motor nameplate? 


6. Explain the difference between a NEMA design B motor and a NEMA design C motor. Why would one type 
be selected over another? 


7. List at least three applications where a definite-purpose motor must be used instead of a general-purpose motor. 
8 Describe some of the design components that improve the energy efficiency of motors. 


9. Explain the difference between open motor enclosures and totally enclosed motor enclosures. List several 
situations where a totally enclosed motor enclosure should be used instead of an open motor enclosure. 
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OBJECTIVES 


e Explain the difference between an overcurrent, a short circuit, a ground 
fault, and an overload. 

e Describe why an overcurrent protection device is used. 

e List and describe the different types of plug fuses and cartridge fuses. 

e Describe the different ratings for overcurrent protection devices. 

e Describe motor-starting protection and motor-running protection. 

e Demonstrate how to troubleshoot fuses and circuit breakers. 

e List and describe the different types of circuit breakers. 

* Describe the operation of thermal overload relays, electromagnetic 

overload relays, and electronic overload relays. 


Motors ahd circuits must be protected from overcurrents and overloads. A 
motor draws a much higher current during startup than when operating 
under. load. The ‘protection requirements for starting a motor are very 


different than the eeoron cian ah ag to operate a motor under load. A 
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Definition 


An overcurrent is any 
current over the normal 
current level. 


A short circuit is an 
excessive current that 
leaves the normal cur- 
rent-carrying path by 
going around the load 
and back to the power 
source. 


MOTOR-DISCONNECT 
SWITCH 


MOTOR PROTECTION 
REQUIREMENTS 


Motors must be protected from short cir- 
cuits, ground faults, and overloads. Fuses, 
circuit breakers (CBs), or overload relays 
are typically used to protect the motor. 
Fuses and CBs are used for ground fault 
and short-circuit protection. Overload re- 
lays are used for overload protection. See 
Figure 3-1. When properly selected, these 
devices provide a safety link in the motor 
circuit. They disconnect the circuit when 
there is a problem and are the first place 
to start when troubleshooting a motor or 
motor circuit. E 


Overcurrent 


An overcurrent is any current over the 
normal current level. Current flows through 
and is confined to the conductive paths pro- 
vided by conductors and other components 
when a load is turned ON. Under normal 
circumstances, a load draws the amount of 
current for which the load was designed. 
The NEC® requires overcurrent protection 
of motor installations. 


Requirements, oe & 


TO POWER 
SOURCE 
| 


CIRCUIT 
BREAKER 


GROUND FAULT 
AND 
SHORT-CIRCUIT 
PROTECTION 


Some overcurrents are to be expected 
and are normal. Others are very dangerous. 
One normal overcurrent occurs whenever a 
motor is started. A motor draws many times 
its running (normal) current when starting. 
See Figure 3-2. An overcurrent may be 
caused by a short circuit, a ground fault, or 
an overload. 


Short Circuits. A short circuit is an exces- 
sive current that leaves the normal current- 
carrying path by going around the load and 
back to the power source. See Figure 3-3. 
Overloads occur in most circuits at modest 
levels. However, a short circuit causes the 
current to rise hundreds of times higher than 
normal at a very fast rate. A typical short 
circuit occurs when the insulation between 
two wires is broken. The current bypasses 
the load and returns to the source through 
the damaged insulation and not through 
the load. 


Overcurren 


STARTING 
CURRENT 


OVERCURRENT WHEN 
STARTING MOTOR 
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FULL-LOAD 
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MOTOR AT 
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CONTACT 
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NAMEPLATE 


MOTOR WITHIN 
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Figure 3-1. Fuses, circuit breakers, and relays are used to protect a motor 
from short circuits, ground faults, and overloads. 


Figure 3-2. An overcurrent is any current over 
the normal current level. 


Ground Faults. A ground fault is an unin- 
tentional connection between an ungrounded 
conductor and any grounded raceway, box, 
enclosure, or fitting. Like short-circuit cur- 
rents, ground-fault currents follow an ab- 
normal path. In this case however, the path 
of current is from an ungrounded conductor 
to ground. Ground faults can occur due to 
insulation failures or more commonly at 
conductor terminations. 

Ground-fault currents are generally of a 
lower magnitude than short-circuit currents. 
According to the NEC®, care shall be taken 
when installing electrical conductors to en- 
sure that insulation is not damaged, as this 
could contribute to a ground fault. 


Overloads. An overload is an excessive 
current that is confined to the normal current- 
carrying conductors and is caused by a 
load that exceeds the full-load torque rating 
of the motor. An overload occurs when- 
ever the current in a circuit rises above the 
normal current level for which the circuit 
has been designed to operate. Overloads 
are usually between one and six times the 
normal current level of the circuit. 

A temporary overload can occur when 
a motor starts up and draws much more 
current than the full-load current (FLC). 
This type of overload is very common and 
typically is not damaging. A continuous 
overload occurs when a motor is driving a 
load greater than the design load. This may 
occur when a motor is used in the wrong 
application or when there is motor damage, 
such as worn bearings. When overloaded, 
the motor still attempts to drive the load. To 
produce the higher torque, the motor draws 
a higher current. See Figure 3-4. 


Manufacturers often provide manuals and 
troubleshooting charts with their products 
to assist in locating the cause of a prob- 
lem. These manuals should be consulted 
when a problem occurs because they 
provide detailed information for finding a 
permanent solution to a specific problem. 
These charts and manuals may also be 
found on the Internet. 
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Figure 3-3. A typical short circuit occurs when the insulation between two 
wires is broken. The current bypasses the load and returns to the source 
through the bare wire and not through the load. 


Overloads | Definition 


A ground fault is an 
unintentional connection 
HEAVILY s between an ungrounded 
LOADED 
CONVEYOR : j conductor and any 
? grounded raceway, box, 
enclosure, or fitting. 


An overload is an 
excessive current that is 
OVERLOADED confined to the normal 
current-carrying con- 
ductors and is caused by 
a load that exceeds the 
full-load torque rating of 
the motor. 
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Figure 3-4. An overload is usually caused by 
the temporary surge current that occurs when- 
ever motors are started. An overload can also 
occur if a motor is overloaded while running. 
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An overcurrent protec- 
tion device (OCPD) 

is a set of fuses or 
circuit breakers added 
to provide overcurrent 
protection of a switched 
circuit. 


SHORT-CIRCUIT AND GROUND 
FAULT PROTECTION 


An overcurrent protection device (OCPD) 
is a Set of fuses or circuit breakers added to 
provide overcurrent protection of a switched 
circuit. An OCPD must be used to provide 
protection from short circuits and ground 
faults. Fuses and CBs are OCPDs designed 
to automatically stop the flow of current in 
a circuit that has an overcurrent. 
Overcurrent protection devices are 
classified by how quickly they activate. 
See Figure 3-5. A non-current-limiting 
device operates slowly, allowing damag- 
ing short-circuit currents to build up to 
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SHORT-CIRCUIT 
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BY CIRCUIT BEFORE 
CIRCUIT OPENS 


SHORT- 
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DEVICE 
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OPENS CURRENT 


NON-CURRENT-LIMITING OCPD 


full values before opening. If non-current- 
limiting devices are used, short-circuit 
currents may reach 10,000 A or more in 
the first half cycle of a fault. The high 
current also causes very strong magnetic 
‘fields that can cause severe damage to a 
circuit Or equipment. 

A current-limiting device opens the cir- 
cuit in less than one-quarter cycle of short- 
circuit current, before the current reaches 
its highest value and limiting the amount of 
destructive energy allowed into the circuit. 
Most modern OCPDs are current-limiting 
devices. Current-limiting devices restrict 
fault currents to levels low enough to mini- 
mize damage. 
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Figure 3-5. A non-current-limiting device operates slowly, allowing damaging short-circuit cur- 
rents to build up to full values before opening. A current-limiting device opens the circuit in less 
than one-quarter cycle of short-circuit current, before the current reaches its highest value and 
limiting the amount of destructive energy allowed into the circuit. 


Motor Circuit Protection 


The function of an OCPD is to protect 
branch-circuit conductors, control equip- 
ment, and motors from damage caused by 
an overcurrent, such as a short circuit or 
ground fault. The OCPD must clear this type 
of fault, but must not open the circuit as a 
result of the normal momentary inrush cur- 
rent of a motor starting. OCPDs are installed 
in the combination starter, safety switch, or 
fuse panel. The OCPD is located before the 
motor starter. The OCPD will automatically 
activate if there is a problem when the motor 
is started. This will turn the motor OFF. The 
motor can be restarted by fixing the problem 
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that caused the overcurrent and by changing 
the fuses or resetting the CBs. 

Because power conductors must be pro- 
tected against overcurrents, a fuse or CB 
must be installed in every ungrounded power 
conductor. See Figure 3-6. One OCPD is 
required for low-voltage, single-phase circuits 
(120 V or less) and all DC circuits. The neu- 
tral line (in AC circuits) or the negative line (in 
DC circuits) does not include an OCPD. Two 
OCPDs are required for single-phase, high- 
voltage circuits (208 V, 230 V, or 240 V). Both 
ungrounded power lines include an OCPD. 
Three OCPDs are required for all 3-phase 
circuits (any voltage). All three ungrounded 
power lines include an OCPD. 


Motor Short-Circuit and Ground Fault Protection 
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Figure 3-6. Because power conductors must be protected against overcurrents, a fuse or circuit breaker must be installed 


in every ungrounded power conductor. 
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A fuse is an overcurrent 
protection device with 

a fusible link that melts 
and opens the circuit 
when an overcurrent 
occurs. 


A plug fuse is a screw-in 
fuse that uses a metallic 
strip that melts when a 
predetermined amount of 
current flows through it. 


UNGROUNDED 
CONDUCTOR 
AND NEUTRAL 


Fuses 


A fuse is an overcurrent protection device 
with a fusible link that melts and opens the 
circuit when an overcurrent occurs. Fuses 
are very low-resistance devices connected 
in series with the circuit’s conductors. When 
the circuit current exceeds the rating of the 
fuse, the fuse opens and prevents current 
from flowing in that part of the circuit. 


Fuse Operation. The basic component of 
the fuse is the fusible link. During an over- 
current condition, the high current causes 
resistive heating. Because of the resistive 
heating, the fusible link overheats and 
melts, creating an open circuit. A fuse may 
have multiple links, depending on the fuse 
rating. The link is contained entirely within 
a tube or cartridge. If an overcurrent occurs, 
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the link melts and opens the circuit. Fuses 
themselves do not need to be maintained, 
while the terminations, disconnects, and 
clips should be inspected regularly. Fuses 
,are commonly available as plug fuses and 
cartridge fuses. 


Plug Fuses. A plug fuse is a screw-in fuse 
that uses a metallic strip that melts when 
a predetermined amount of current flows 
through it. See Figure 3-7. Plug fuses are 
inserted in series with ungrounded conduc- 
tors to protect the conductors against over- 
currents that could damage the conductor or 
the connected equipment. At one time, plug 
fuses were the overcurrent protection device 
most commonly used in residential and light 
commercial electrical installations. 
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NOTE: Plug fuses are rarely used in 
industrial circuits 


Figure 3-7. Plug fuses are inserted in series with ungrounded conductors to protect the conductors against overcurrents that 
could damage the conductor or the connected equipment. 
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An Edison-base fuse is a plug fuse that 
incorporates a screw configuration that is 
interchangeable with fuses of other amper- 
age ratings. Edison-base fuses are the older 
of the plug-fuse designs. Edison-base fuses 
are classified as not over 125 V and are 
designed to be used in circuits with am- 
perage ratings of 30 A and below. Because 
the Edison-base fuse is not designed to be 
noninterchangeable with fuses of other 
amperage ratings, they are permitted to be 
installed only as replacements for existing 
installations where there is no evidence of 
overfusing. 

A type S fuse is a plug fuse that incor- 
porates a screw-and-adapter configuration 
that is not interchangeable with fuses of 
another amperage rating. Like Edison-base 
plug fuses, type S fuses are designed for 
circuits not exceeding 125 V. Type S fuses 
have three amperage rating classes: 0-15 A, 
16-20 A, and 21—30 A. The fuses are non- 
interchangeable with amperage ratings of a 
lower rating, which protects the circuit from 
the possibility of overfusing. Additionally, 
Type S fuses are designed with fuseholders 
and adapters so that the adapters fit Edison- 
base fuseholders and are nonremovable. 
Once a type S adapter is installed, a type S 
fuse shall be used. 


Cartridge Fuses. A cartridge fuse is a 
snap-in cylindrical fuse constructed of a 
fusible metallic link or links that is designed 
to open at predetermined current levels to 
protect circuit conductors and equipment. 
See Figure 3-8. Cartridge fuses are classi- 
fied according to their performance, opera- 
tion, and construction characteristics. 

Cartridge fuses are available in many 
more types and in more amperage ratings 
than are plug fuses. Amperage ratings for 
cartridge fuses are available from 0 A to 
6000 A. Cartridge fuses are available in 
either the one-time type or the renewable 
type. A one-time cartridge fuse must be 
replaced after it operates, whereas a renew- 
able cartridge fuse contains a fusible link 
that can be replaced after it operates. 


Cartridge fuses can be constructed with a 
ferrule or knife-blade configuration. Both of 
the types are inserted into fuseholders that 
make the connection from the line to the 
load. A cartridge fuse can also be classified 
as either a non-time-delay fuse (NTDF) or 
a time-delay fuse (TDF). 


_ Definition 


An Edison-base fuse 

is a plug fuse that 
incorporates a screw 
configuration that is inter- 
changeable with fuses of 
other amperage ratings. 


A type S fuse is a plug 
fuse that incorporates 
a screw-and-adapter 
configuration that is not 
interchangeable with 
fuses of another amper- 
age rating. 


A cartridge fuse is a 
snap-in cylindrical 
fuse constructed of a 
fusible metallic link or 
links that is designed to 
open at predetermined 
current levels to protect 
circuit conductors and 
equipment. 


Three-phase circuits require one fuse for each 
phase. 
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Figure 3-8. Cartridge fuses can be constructed with a ferrule or knife-blade 


configuration. Both of the types are inserted into fuseholders that make the 
connection from the line to the load. 
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A non-time-delay fuse 
(NTDF) is a single-ele- 
ment fuse that can detect 
an overcurrent and 

open the circuit almost 
instantly. 


A time-delay fuse (TDF) 
is a dual-element fuse 
that can detect and 
remove a Short circuit al- 
most instantly, but allow 
small overloads to exist 
for a short period. 


_Non-Time-Delog and 
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A non-time-delay fuse (NTDF) is a 
single-element fuse that can detect an over- 
current and open the circuit almost instantly. 
NTDFs contain a fusible link with a notched 
section that melts and opens the circuit at a 
set overcurrent. See Figure 3-9. The fusible 
link is heated by the current. The higher the 
current, the higher the temperature. Under 
normal operation and when the circuit is 
operating at or below its amperage rating, 
the fusible link simply functions as a con- 
ductor. However, if an overcurrent occurs 
in the circuit, the temperature of the fusible 
link reaches the melting point at the notched 
section. The notched section melfs and 
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burns back, causing an open in the fuse. If 
the overcurrent is caused from an overload, 
only one notched link opens. If the overcur- 
rent is caused from a short circuit, several 
notched links open. NTDFs are also known 
as single-element fuses. Non-time-delay 
fuses are fast acting and provide excellent 
overcurrent protection. 

A time-delay fuse (TDF) is a dual-element 
fuse that can detect and remove a short circuit 
almost instantly, but allow small overloads 
to exist for a short period. Time-delay fuses 
allow overcurrents to exist for short periods 
to avoid nuisance tripping due to equipment 
start-up characteristics. 
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Figure 3-9. Non-time-delay fuses (NTDFs) contain a fusible link that melts and opens the circuit at a set overcurrent. Time- 
delay fuses (TDFs) are fuses that may detect and remove a short circuit almost instantly, but allow small overloads to exist 
for a short period. 


Time-delay fuses include two elements. 
One element removes overloads from the 
circuit, and the other element removes short 
circuits from the circuit. The short-circuit 
element is the same type of fusible-link 
element used in a non-time-delay fuse. The 
overload element is a spring-loaded device 
that opens the circuit when solder holding 
the spring in position melts. The solder 
melts after an overload exists for a short 
period (normally several seconds). The 
overload element protects against tempo- 
rary overloads up to approximately 800% 
of rated current. TDFs are also known as 
dual-element fuses. 

TDFs are used in circuits that have tem- 
porary, low-level overloads. Motor circuits 
are the most common type of circuit that 
includes low-level overloads. Motors draw 
an overload current when starting. As the 
motor accelerates, the current is reduced to 
a normal operating level. Therefore, TDFs 
are used in motor applications. 


Circuit Breakers 


A circuit breaker (CB) is an overcurrent 
protection device with a mechanical mecha- 
nism that automatically opens a circuit 
when an overload condition or short-circuit 
occurs. See Figure 3-10. CBs are designed 
to perform the same basic functions as 
fuses. CBs offer the added benefit of not 
damaging themselves and they are reset- 
table after an overload is cleared. CBs that 
clear short circuits and ground faults can be 
subjected to extremely high-current levels. 
CBs are available in single-, two-, and three- 
pole configurations. 

CBs are designed to be trip free. Es- 
sentially, this design permits the internal 
operation of the CB to occur regardless of 
whether the handle is locked in the closed 
position or not. CBs are mechanical devices 
and require periodic maintenance. Many 
manufacturers include testing require- 
ments in their instructions for CBs that 
have cleared short circuits or ground faults. 
Whenever the CB contacts are opened, an 
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arc is drawn across the movable and sta- 
tionary contacts. A short circuit produces a 
much hotter arc than an overload. Therefore, 
a CB that has tripped numerous times from 
short circuits may be damaged to the point 
of requiring replacement. 


Circuit Breaker Operation. CBs can be 
designed to be operated either manually, au- 
tomatically, or both manually and automati- 
cally. Although the design characteristics 
may be different, all CBs contain elements 
that sense a fault or overload condition and 
Open or interrupt the flow of current. The 
design elements determine the operational 
characteristics of the CB. 


Circuit Breakers = 
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Switch 


Definition 


A circuit breaker 

(CB) is an overcurrent 
protection device with 
a mechanical mecha- 
nism that automatically 
opens a circuit when an 
overload condition or 
short-circuit occurs. 


Thermal 


Magnetic 


SYMBOL 


Single-phase circuit breakers are used with single-phase motors. 
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Thermal CBs contain a spring-loaded 
electrical contact that opens the circuit. The 
spring is used to open and close the contacts 
with a fast snap action. A handle is added to 
the contact assembly so the contacts may be 
manually opened and closed. The contacts 
are automatically opened on an overcurrent 
by a bimetal strip and/or an electromagnetic 
tripping device. See Figure 3-11. The con- 
tacts have one stationary contact and one 
movable contact. The movable contact is 
attached to a spring that provides a fast snap 
action when tripped. 

The bimetal strip is made of two dis- 
similar metals that expand at different rates 
when heated. The bimetal strip is connected 
in series with the circuit and is heated by 
the current flowing through it. The strip 
bends when heated and opens the contacts. 
The higher the circuit current, the hotter the 
bimetal strip becomes. Likewise, the higher 
the current, the shorter the time required to 
trip the CB. 
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Figure 3-11. CBs contain a spring-loaded electrical contact that opens 
the circuit. 


Like the bimetal strip, the electromag- 
netic CB is connected in series with the 
circuit. As current passes through the coil, 
a magnetic field is produced. The higher the 


„Circuit current, the stronger the magnetic 


field. When the magnetic field becomes 
strong enough, the magnetic field pulls in 
the armature and opens the contacts. 

Electromagnetic CBs use the mag- 
netic effect created when current flows in 
a conductor. One of the most common CB 
designs combines a magnetic element with 
a thermal element. These thermal-magnetic 
CBs use both the thermal and magnetic ef- 
fects associated with current flow to sense 
current and operate the CB. Generally, the 
thermal element is used for overload protec- 
tion while the magnetic element provides 
faster protection for ground faults and short 
circuits. 

Recent developments in CB design have 
led to electronically operated “smart” CBs. 
Smart CBs incorporate electronic compo- 
nents to accomplish the monitoring, sens- 
ing, and tripping mechanisms of the CB. 
Smart CBs are true-rms (root-mean-square) 
symmetrical current-sensing devices that 
use a microprocessor to gain closer control 
over the performance of their operations. 
Typical settings and adjustments for these 
CBs include continuous amperes, long time 
delay, short time pickup, short time delay, 
instantaneous pickup, and ground-fault 
pickup. Common types of CBs include 
inverse-time CBs, adjustable-trip CBs, 
non-adjustable-trip CBs, and instantaneous- 
trip CBs. 


E 


When more than one live conductor is pres- 
ent in a branch circuit, each conductor must 
be protected by a breaker. All live conductors 
in a circuit must be interrupted whenever 
one conductor is overloaded. Therefore, 

a common-trip breaker must be used. For 
small breakers, the operating handles are 
typically tied together. For larger breakers, 
there are two or three tripping mechanisms 
tied together within the base. For 120/240 V 
systems, two-pole common-trip breakers are 
used for 240 V loads on the circuit. 


Chapter 3—Motor Protection 63 


Inverse-Time Circuit Breaker. An in- 
verse-time circuit breaker (ITCB) is a circuit 
breaker (CB) with an intentional delay be- 
tween the time when the fault or overload is 
sensed and the time when the CB operates. 
See Figure 3-12. The relationship between 
the trip action and the delay is such that the 
smaller the overload or fault, the longer the 
delay. Conversely, the larger the overload or 
fault, the faster the device operates. 


Circuit Breaker Types 


Type Characteristics 
Fixed current setpoint with time 
delay inversely proportional to 


overload 


ITCB 


Adjustable current and/or trip- 
time setpoints 


Factory-present setpoints with no 
provision for adjustments 


Instant trip, for use with listed 
motor controllers only 


Figure 3-12. Common types of CBs include 
inverse-time CBs (ITCB), adjustable-trip CBs 
(ATCB), non-adjustable-trip CBs (NATCB), 
and instantaneous-trip CBs (ITCB). 


ITCBs are used extensively in electrical 
distribution systems and for many different 
types of applications. ITCBs provide pro- 
tection from normal overloads and against 
damaging currents from short circuits and 
ground faults. This is accomplished in a 
thermal-magnetic CB by using the thermal 
element for overload protection and the 
magnetic element for short-circuit and 
ground-fault protection. 


Adjustable-Trip Circuit Breaker. An 
adjustable-trip circuit breaker (ATCB) is 
a circuit breaker (CB) whose trip setting 
can be changed by adjusting the current 
setpoint, trip-time characteristics, or both, 
within a particular range. These CBs are 
used in industry where equipment may be 
frequently changed and different overcur- 
rent protection characteristics are required. 


For example, an ATCB with an 800 A frame 
size may be installed to protect a feeder for 
a downstream subpanel. The initial setpoint 
of the CB is 600 A. If the load on the sub- 
panel increases and the feeder conductors 
are sized for the additional load. the setpoint 
of the ATCB can be increased to the new 
value. This provides great flexibility to the 
electrical installation at a considerable cost 
savings. 


Non-Adjustable-Trip Circuit Breaker. 
A non-adjustable-trip circuit breaker 
(NATCB) is a circuit breaker (CB) whose 
settings for the amperage-trip setpoint or the 
time-trip setpoint cannot be changed. These 
CBs are used when equipment with known 
and constant operational characteristics 
requires protection. For example, if a piece 
of equipment with a full-load amperage 
rating of 60 A is installed, an NATCB can 
be installed because the operational charac- 
teristics of the equipment are constant and 
there is no need to increase the size or rating 
of the circuit supplying the equipment. 


Instantaneous-Trip CB. An instantaneous- 
trip circuit breaker (ITB) is a circuit breaker 
(CB) with no delay between the fault- or 
overload-sensing element and the tripping 
action of the device. Because many types 
of equipment, such as motors. are subject 
to surge or start-up currents much higher 
than normal operating levels, ITBs are sized 
well above the amperage rating for normal 
operation. For example, motors with ITBs 
for the branch-circuit, short-circuit, and 
ground-fault protection may have the CB 
sized at up to 1300% of the FLC when 
starting current is a problem. ITBs may 
only be used in combination with a listed 
motor controller. 


Circuit breakers used on high-voltage 
power transmission lines are almost 
always solenoid operated because of the 
difficulty of measuring current at high 
voltages. A current transformer is used 
to reduce the current in the transmission 
line to a level that can be measured with 
standard equipment. 


| Definition ; 


An inverse-time circuit 
breaker (ITCB) is a 
circuit breaker (CB) 

with an intentional delay 
between the time when 
the fault or overload 

is sensed and the time 
when the CB operates. 


An adjustable-trip 
circuit breaker (ATCB) 
is a circuit breaker (CB) 
whose trip setting can 

be changed by adjusting 
the current setpoint, trip- 
time characteristics, or 
both, within a particular 
range. 


A non-adjustable- 

trip circuit breaker 
(NATCB) is a circuit 
breaker (CB) whose 
settings for the amper- 
age-trip setpoint or the 
time-trip setpoint cannot 
be changed. 


An instantaneous-trip 
circuit breaker (ITB) is 
a circuit breaker (CB) 
with no delay between 
the fault- or overload- 
sensing element and the 
tripping action of the 
device. 
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The current rating is 
the continuous amount 
of current that can be 
safely carried by an 
overcurrent protection 
device without blowing 
or tripping. 


The voltage rating is 

the maximum amount of 
voltage that can safely 
be applied to an overcur- 
rent protection device 
and determines the abil- 
ity of a fuse to suppress 
the internal arcing after 
the fusible link melts. 


The interrupting rat- 
ing is the maximum 
amount of current that 
can be safely applied 

to an OCPD while still 
maintaining its physical 
integrity when reacting 
to fault currents. 


Oyercurrent Protection Device 
Ratings 

Like other electrical devices and ma- 
chines, an OCPD must be rated for the 
conditions to which it will be operated. Far 
example, fuses and CBs have current ratings, 
voltage ratings, and interrupting ratings. 


Current Ratings. The current rating is the 
continuous amount of current that can be 
safely carried by an overcurrent protection 
device without blowing or tripping. The 
current rating of the OCPD is determined 
by the size and type of conductors, control 
devices used, and loads connected to the cir- 
cuit. The current rating should not normally 
exceed the circuit capacity. Consideration 
must be given to the type of load and code 
requirements. There are some specific cir- 
cumstances given in the NEC® where the 
current rating is permitted to exceed the 
circuit capacity. For electric motors, fuses 
must be sized to survive the inrush current 
inherent in motor starting. 

Fuses and ITCBs are available in stan- 
dard ratings. See Figure 3-13. The NEC® 
also permits the use of fuses and inverse- 
time CBs with nonstandard amperage rat- 
ings. In addition to the values in the table, 
standard amperage ratings for fuses can 
include 1, 3, 6, 10, and 601. For ATCBs, the 
rating is the maximum possible setting. 


Fuses and Inverse-Time 
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Figure 3-13. Fuses and ITCBs are available 
in standard ratings. 


Voltage Ratings. The voltage rating is 
the maximum amount of voltage that can 
safely be applied to an overcurrent protec- 
tion device and determines the ability of 
a fuse to suppress the internal arcing after 
the fusible link melts. Article 240 of the 
National Electric Code® (NEC®) contains 
a listing of other articles that apply to the 
use of OCPDs. All fuses must have voltage 
ratings suitable for the electrical circuits in 
which they are used. Cartridge fuses rated at 
600 V are commonly used in 480 V motor 
circuits. However, an allowed maximum 
voltage of 300 V line-to-neutral is allowed 
where a single-phase circuit is supplied 
from a three-phase, 4-wire, solidly ground- 
ed neutral system. Additionally, cartridge 
fuses shall not be used in circuits greater 
than that for which they are rated. Typical 
voltage ratings of cartridge fuses are 250 V, 
300 V, and 600 V. 

Plug fuses have a voltage rating of 
125 V between conductors in most ap- 
plications. The maximum voltage rating, 
however, for circuits supplied from a sys- 
tem using a grounded neutral is 150 V to 
ground. Thus, for a standard 120/240 V, 
single-phase, 3-wire system, plug fuses 
can be used for the protection of both 120 V 
and 240 V circuits. 

All plug fuses shall be marked to indi- 
cate their amperage rating. By design, the 
plug fuse amperage rating is identified 
by the shape of the window on the fuse. 
Plug fuses with amperage ratings of 15 A 
or less have a hexagonal window, while 
those with ratings greater than 15 A have 
a round window. 


Interrupting Rating. The interrupting rat- 
ing is the maximum amount of current that 
can be safely applied to an OCPD while 
still maintaining its physical integrity when 
reacting to fault currents. An OCPD must be 
able to withstand the damaging effects of an 
overcurrent without rupturing and causing 
additional damage. The NEC® requires that 
equipment intended to break current at fault 
levels have an interrupting rating sufficient 
for the current that must be interrupted. 


Application—Troubleshooting 
Fuses 


Fuses are connected in series with a cir- 
cuit to protect a circuit from overcurrents 
or shorts. Fuses can be checked using a 
continuity tester placed across a fuse that 
has been removed from a circuit. Fuses can 
also be checked using a DMM or voltmeter. 
All electrical work done on potentially live 
circuits must be done while wearing the 
proper PPE for the job. To troubleshoot 
fuses, apply the procedure: 
1. Turn the handle of the safety switch or 
combination starter to the OFF position. 


2. Open the door of the safety switch or 
combination starter. The operating handle 
must be capable of opening the switch. If 
itis not, replace the switch. 


3. Check the enclosure and interior parts 
for deformation, displacement of parts, 
and burning. Such damage may indicate 
a short, fire, or lightning strike. Deforma- 
tion requires replacement of the part or 
complete device. Any indication of arcing 
damage or overheating, such as discol- 7 
oration or melting of insulation, requires 
replacement of the damaged part(s). 

4; Check the voltage between each pair of 
power leads. Incoming voltage should 
be within 10% of the voltage rating of 
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the motor. A secondary problem exists if 
voltage is not within 10%. This secondary 
problem may be the reason the fuses 
have blown. 


. Test the enclosure for grounding if volt- 


age is present and at the correct level. To 
test for grounding, connect one side of a 
voltmeter to an unpainted metal part of 
the enclosure and touch the other side to 
each of the incoming power leads. If the 
enclosure is grounded, a voltage differ- 
ence will be present. The line-to-ground 
voltage probably does not equal the line- 
to-line voltage reading taken in Step 4. 


. Check the fuses. Remove the fuses witha 


fuse puller. Use the DMM set to resistance 
to measure the resistance of each fuse. 
If the fuse is blown, the DMM reading will 
show OL. A high resistance also indicates 
that the fuse has been damaged and 
should be replaced. The resistance of a 
good fuse should be very low, typically 
less than a few ohms. In addition, verify 
that all three fuses have very similar re- 
sistances. 


. Replace any bad fuses. Replace all bad 


fuses with the correct type and size re- 
placement. It is very important to match 
the interrupting rating. Close the door on 
the safety switch or combination starter 
and turn the circuit ON. 
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Motor Protect 


Application— 


Application— Troubleshooting 
Circuit Breakers 


CBs are connecied in series with a 
circuit to protect a circuit from overcur- 
rents or shorts. CBs are thermally or 
magnetically operated and are reset after 
a short-circuit or ground fault has cleared. 
A multimeter or voltage meter is used to 
test CBs. CBs perform the same function 
as fuses and are tested the same way. 
All electrical work done on potentially live 
circuits must be done while wearing the 
proper PPE for the job. To troubleshoot 
CBs, apply the procedure: 

1. Turn the handle of the safety switch or 
combination starter to the OFF position. 


Open the door of the safety switch 
or combination starter. The operating 
handle must be capable of opening the 
switch. If it is not, replace the switch. 


. Check the enclosure and interior parts 
for deformation, displacement of parts, 
and burning. Such damage may indicate 
a short, fire, or lightning strike. Deforma- 
tion requires replacement of the part or 
complete device. Any indication of arcing 
damage or overheating, such as discol- 
oration or melting of insulation, requires 
replacement of the damaged part(s). 


2. 


4. Check the voltage between each pair of 
power leads. Incoming voltage should 
be within 10% of the voltage rating of 
the motor. A secondary problem exists if 
voltage is not within 10%. This secondary 
problem may be the reason the CBs have 
tripped. 


. Test the enclosure for grounding if volt- 
age is present and at the correct level. To 
test for grounding, connect one side of a 
volimeter to an unpainted metal part of 
the enclosure and touch the other side to 
each of the incoming power leads. If the 
enclosure is grounded, a voltage differ- 
ence will be present. The line-to-ground 
voltage probably does not equal the iine- 
to-line voltage reading taken in Step 4. 


. Examine the CB. It will be in one of three 
positions, ON, TRIPPED, or OFF. 


. li no evidence of damage is present, 
reset the CB by moving the handle 
to OFF and then io ON. CBs must be 
cooled before they are reset. CBs are 
designed so they cannot be held in the 
ON position if a short is present. If re- 
setting the CB does not restore power, 
use the multimeter to check the voltage 
of the reset CB. Never try to service a 
faulty CB. 
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MOTOR OVERLOAD 
PROTECTION 


All overloads shorten motor life by dete- 
riorating motor insulation. Small overloads 
of short duration cause little damage. How- 
ever, a sustained overload, even though 
small, will damage the motor. An overload 
protection device is designed to carry 
harmless overloads, but quickly remove 
the motor from the supply voltage when 
an overload has remained too long. See 
Figure 3-14. The NEC® requires overload 
protection of motor installations. Common 
overload protection devices include thermal 
and magnetic overload relays. 


Motor-Running Protection 


After a motor has started and has accelerated 
to its rated speed, the motor draws enough cur- 
rent from the power lines to remain ranning. 
The amount of current a motor draws from 
the power lines while running is primarily 
dependent upon the connected load. Full-load 
current (FLC) is the amount of current drawn 
when the motor is connected to the maximum 
load the motor is designed to drive. The FLC 
is listed on the motor nameplate. The load a 
motor can turn is based on the motor design. 
If amotor is connected to an easy-to-turn load, 
the motor draws less than FLC. If a motor is 
connected to a hard-to-turn load, the motor 
draws more than FLC. If a motor is not con- 
nected to a load, the motor draws only the 
amount of current required to keep the shaft 
rotating at the rated rpm. 

The overload relays in a motor starter are 
time-delay devices that allow temporary over- 
loads without disconnecting the motor. If an 
overload is present for longer than the preset 
time, the overload relays trip and disconnect 
the motor from the circuit. Overload relays on 
manual starters can be reset after tripping by 
pressing the stop button and then the start but- 
ton, or by pressing the reset button on units that 
have one. On magnetic starters set for manual 
reset, the overloads are reset by pressing the 
reset button next to the overload contact. On 
magnetic starters set for automatic reset, the 
overloads reset automatically after the unit 
has cooled. 


Chapter 3—Motor Protection 67 


verion Postoci 


L1 L2 L3 FUSES ARE LARGE 
ENOUGH TO ALLOW 
INRUSH STARTING 


CURRENT 


OVERLOADS 


NO OVERLOAD 


FUSES DO NOT BLOW 
DURING OVERLOAD 


OVERLOAD 


Figure 3-14. An overload relay does not open a circuit while a motor is start- 
ing, but opens the circuit if the motor becomes overloaded and the fuses 


do not open. 


tech Fact 


When installing (or replacing) fuses, in- 
stall so that the written information on the 
fuse label is displayed facing out and can 
be clearly read. 


| Definition 


Full-load current (FLC) 
is the amount of current 
drawn when the motor is 
connected to the maxi- 
mum load the motor is 
designed to drive. 


ASI Robicon 


Overload protection must be provided to ensure that a motor is stopped if a load jams 


and stops moving. 
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Definition 


The overload class rating 
is an indicator of the 
maximum length of time 
it takes for the overload 
relay to trip at 600% 
overload. 


A thermal overload relay 
is an overload relay that 
uses the resistive heating 
to open a set of contacts 


A melting-alloy overload 
relay, or heater, is an 
overload relay that uses 
a heater coil to produce 
the heat to melt a eutec- 
tic alloy. 


A eutectic alloy is 

an alloy that has a 
constant melting-point 
temperature due to the 
combination of the given 
components. 


Overload Class Ratings 


The overload class rating is an indicator of 
the maximum length of time it takes for the 
overload relay to trip at 600% overload. See 
Figure 3-15. For example, a Class 10 over- 
load relay trips in 10 seconds or less and a 
Class 20 overload relay trips in 20 seconds 
or less at a 600% overload. The time it takes 
to trip is more at a smaller overload and less 
at a larger overload. 

The motor application must be con- 
sidered when selecting an overload relay 
class. Most typical applications should 
use a Class 20 overload relay. If a longer 
trip time is required, such as for a motor 
driving a high-inertia load, a Class 30 
overload relay should be selected. If a 
short trip time is required, such as for a 
motor with a limited capacity to disperse 
heat, a Class 10 overload relay should 
be selected. 
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Figure 3-15. The overload class rating is a measure of the maximum length 
of time it takes for the overload relay to trip at 600% overload. 


Thermal Overload Relays 


A thermal overload relay is an overload 
relay that uses the resistive heating to open a 
set of contacts. The normal resistive heating 
in a conductor increases the temperature. 

` As the level of current passing through the 
relay reaches an overload condition, the 
increased temperature opens a set of con- 
tacts. The increased temperature opens the 
contacts by melting an alloy or by bending 
a bimetallic strip to activate a mechanism 
that operates the contacts. 


Melting-Alloy Overload Relays. A melt- 
ing-alloy overload relay, or heater, is an 
overload relay that uses a heater coil to 
produce the heat to melt a eutectic alloy. 
See Figure 3-16. A eutectic alloy is an 
alloy that has a constant melting-point 
temperature due to the combination of the 
given components. This temperature never 
changes and is not affected by repeated 
melting and resetting. 


Melting-Alloy Overload R 


PORES er 


Figure 3-16. A heater has to be installed 
into a motor starter, with one heater for each 
ungrounded power line. 


Many different types of heater coils 
are available. The operating principle of 
each type of coil is the same. A heater coil 
converts the current drawn by a motor into 
heat. Current in excess of the rating gener- 
ates enough heat to melt the eutectic alloy. 
The time to melt the alloy also depends on 
the ambient temperature. The eutectic alloy 
is used in conjunction with a mechanical 
mechanism to activate a tripping device 
when an overload occurs. 

The eutectic alloy tube consists of an outer 
tube and an inner shaft connected to a ratchet 
wheel. The ratchet wheel is held firmly in 
the tube by the solid eutectic alloy. The inner 
shaft and ratchet wheel are locked into posi- 
tion by a pawl (locking mechanism) so that 
the wheel cannot turn when the alloy is cool. 
See Figure 3-17. 

The main device in an overload relay is the 
eutectic alloy tube. The compressed spring 
tries to push the normally closed overload 
contacts open when motor current conditions 
are normal. The pawl is caught in the ratchet 
wheel and does not let the spring push up to 
open the contacts. During an overload condi- 
tion, the heat melts the alloy, which allows the 
ratchet wheel to turn. The spring pushes the 
reset button up, which opens the contacts to 
the voltage coil of the contactor. 

The contactor opens the circuit to the 
motor, which stops the current flow through 
the heater coil. The heater coil cools, which 
solidifies the eutectic alloy tube. Only the 
normally closed overload contacts open 
during an overload condition. The normally 
closed overload contacts can be manually 
reset to the closed position. The actual heat- 
ers installed in the motor starter do not open 
during an overload. The heaters are only used 
to produce heat. The higher the current draw 
of the motor, the more heat produced. 


An overload current produces dangerous 
excess heat in the conductors. The heat 
causes the eutectic alloy to melt, opening the 
contacts and stopping the motor. After the 
eutectic alloy cools and solidifies, the heater 
can be reset and the motor restarted. 
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Figure 3-17. A ratchet wheel and eutectic alloy tube combination can be 
used to activate a trip mechanism when an overload occurs. 
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A heater must be installed in a motor 
starter. One heater is required for each un- 
grounded power line. See Figure 3-18. For 
all single-phase, 115 V, AC motors, one line 
is the hot line and the other is the neutral 
line. The neutral line is connected to ground 
at the service panel. Therefore, one heater 
is required in the hot power line. 

For single-phase, 230 V, AC motors, both 
power lines are hot. Therefore, one heater 
in each hot power line is required when 
controlling a single-phase, 230 V, AC mo- 
tor, For all three-phase motors, one heater 
is required in each power line. For all DC 
motors, the positive line is not grounded and 
the negative line is grounded. One heater 


A bimetallic-strip 
overload relay is a relay 
consisting of two joined 
pieces of dissimilar met- 
als with different expan- 
sion rates constructed 
into a strip in such a way 
that the strip bends when 
heated and opens a set of 
contacts. 
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Figure 3-18. A heater coil is used to produce the heat generated by exces- 
sive current. The heat created through ambient temperature rise also helps 
melt the eutectic alloy. 


in the positive power line is required when 
controlling a DC motor. 


Bimetallic-Strip Overload Relays. A 
bimetallic-strip overload relay is a relay 
, consisting of two joined pieces of dissimi- 
lar metals with different expansion rates 
constructed into a strip in such a way that 
the strip bends when heated and opens a set 
of contacts. See Figure 3-19. A bimetallic- 
strip overload relay can be designed to reset 
automatically. In certain applications, such 
as walk-in meat coolers, remote pumping 
stations, and some chemical-processing 
equipment, overload relays that reset auto- 
matically to keep the unit operating up to 
the last possible moment may be required. 
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Figure 3-19. The bending eftect of a bimetallic 
strip is used to open the contacts. 


Internal Motor Temperature 
Protection 


Internal motor temperature protectors are typi- 
cally assembled as an integral part of a motor. 
These protectors are used to provide protection 
from overheating caused by an overload or 
from failure to start. Depending on the design, 
these protectors may automatically reset or 
may require a manual reset. The types of 
internal motor protection are current-sensitive 
protection, which responds to the current draw, 
and temperature-sensitive protection, which 
responds to the actual motor temperature. 

Current-responsive protectors prevent 
overheating from common causes of over- 
load where the current increases above the 
expected line current. However, they do not 
prevent overheating caused by hot ambient 
conditions or blocked ventilation. Current- 
responsive protectors are often current relays 
that open the circuit when the current exceeds 
a specified maximum. 

For high-slip induction motors, the hottest 
spot in a motor is often in the rotor. Since the 
rotor is the main moving part of a motor, a 
temperature measurement in the rotor also 
requires slip rings to transmit the measure- 
ment out of the motor. This is expensive and 
unreliable, so current-responsive protectors 
are usually used in this situation. 

Temperature-responsive devices protect 
against overloads that produce an increase in 
winding temperature. Thermistors or RTDs 
are often used as the temperature-sensing 
device and can be placed almost anywhere in 
the motor. Special motors may be designed 
for continuous locked-rotor current, but can 
still burn out from blocked ventilation. Tem- 
perature-responsive devices are usually used 
in this situation. 

Thermostats are sometimes mounted to 
the motor frame. The thermostats are usually 
connected in series with the motor starter 
holding coil. If the motor overheats, the 
thermostat opens the circuit and stops the 
motor. The motor cannot be restarted until 
the thermostat cools down. The thermostat 
leads are usually labeled P or P1 and P2. 

When automatically reset, a motor re- 
starts even when the overload has not been 
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cleared, and trips and resets itself again at Definition wa 
given intervals. Care must be exercised in Anion ne 
the selection of a bimetallic overload relay overload relay is a relay 
because repeated cycling can eventually that operates on the 


cause the motor to burn out. prina ple EN! 
of current in a circuit 
increases so does the 
Electromagnetic Overload Relays strength of the magnetic 
field produced by that 
current flow. 


An electromagnetic overload relay is a 
relay that operates on the principle that as 
the level of current in a circuit increases so 
does the strength of the magnetic field pro- 
duced by that current flow. When the level 
of current through a current coil in the cir- 
cuit reaches the preset value, the increased 
magnetic field acts as a solenoid and opens a 
set of contacts. See Figure 3-20. A current- 
sensing core is pulled in when the current 
in the coil reaches the overload level. When 
the core is pulled in, it presses against a trip 
pin that opens the contacts. 
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Figure 3-20. When the level of current in the circuit reaches the preset value, 
the increased magnetic field around the coil pulls in the armature and opens 
a set of contacts. 
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Definition 


An electronic overload 
relay is a device that has 
built-in circuitry to sense 
changes in current and 
temperature. 


Electromagnetic overload relays are 
often used in heavy-duty applications or 
special applications where normal time/ 
current curves of thermal overload relays 
do not provide satisfactory operation. This 
flexibility is possible because an electro- 
magnetic overload relay may be set for 
either instantaneous or inverse-time char- 
acteristics. Some models include a viscous 
silicone fluid and an adjustable-time valve 
plate that are used to adjust the time before 
the relay trips. 


Electronic Overload Relays 


An electronic overload relay is å device 
that has built-in circuitry to sense changes 
in eurrent and temperature. New manual 
starters normally include an electronic 
overload relay instcad of heaters. An elec- 
tronic overload relay monitors the current 
in the motor directly by measuring the cur- 
rent in the power lines leading to the load. 
The electronic overload is built directly 
into the motor starter. See Figure 3-21. 
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Figure 3-21. An electronic overload relay is 
built directly into a motor starter. 


An electronic overload measures the 
strength of the magnetic field around a wire 
instead of converting the current into heat. 
The higher the current in the wire leading to 
a motor, the stronger the magnetic field pro- 
duced. An electronic circuit is used to activate 
a diseonnecting device that opens the starter 
power contacts. Electronic overloads have an 
adjustable range. The setting is based on the 
nameplate current listed on the motor. 

Large-HP motors have currents that ex- 
eeed the values of standard overload relays. 
To make the overload relays larger would 
greatly increase their physical size, which 
would create a space problem in relation to 
the magnetic motor starter. To avoid such 
a conflict, current transformers are used 
to reduce the current by a fixed ratio. See 
Figure 3-22. A current transformer is not 
used to change the amount of current flow- 
ing to a motor but reduces the secondary 
current to a lower value to allow a smaller 
overload relay to be used. For example, rf 50 A 
were flowing to a motor, only 5 A would 
flow to the overload relay through the use 
of the current transformer. Standard current 
transformers are normally rated for a ratio 
of primary to secondary current, such as 
50:5 or 100:5. 
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Figure 3-22. A current transformer reduces 
the current to a lower value to allow a smaller 
overload relay. 


Because the ratio between the current 
in the power circuit and the current to 
the relay is always the same, an increase 
in the current to a motor also increases 
the current to the overload relay. If the 
correct current transformer and overload 
relay combination is selected, the same 
overload protection can be provided to a 
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motor as if the overload relay were in the 
load circuit. The overload relay contacts 
open and the coil to the magnetic motor 
starter is de-energized when excessive 
current is sensed, shutting the motor OFF. 
Several different current transformer ra- 
tios are available to provide this type of 
overload protection. 


Overload Ambient Temperature Compensation 


Thermal overloads are heat-sensing 
devices that provide a means of monitor- 
ing the current drawn by a motor. Thermal 
overloads trip when the heat generated by 
motor windings approaches a harmful level. 
| Because thermal overloads are tempera- 
ture dependent, ambient temperature must 
be accounted for in applications where the 
ambient temperature varies above or below 
the standard rating temperature of 104°F. 
If the ambient temperature of the motor 
is different than that of the overloads, the 
overloads can cause nuisance tripping or 
motor burnout. 


For example, if non-temperature- 
compensated overloads are used for 
a well pump motor that is at a different 
temperature than the surface-mounted 
overloads, the overloads are adjusted 
for the difference in temperature. Graphs 
show temperature adjustments for differ- 
ent ambient temperatures. 


Once the corrected overload trip current 
is found, it is used instead of the nameplate 
current when sizing overcurrent protection. 
To find the overload trip current using an 
ambient temperature correction, apply the 
procedure: 


1. Determine ambient temperature. 

2. Find the rated current (%) multiplier 
for the ambient temperature on the 
graph. 

3. Multiply the FLC on the motor name- 
plate by the rated current multiplier 
to obtain the corrected overload trip 
current to be used. 


For example, a motor has an FLC of 
25 A. The ambient temperature is 130°F. 
The overload trip current is found as 
follows: 


1. Determine ambient temperature. 
The ambient temperature is 130°F. 


2. Find the rated current (%) for the ambi- 
ent temperature on the graph. 

From the graph, the rated current 
multiplier is 0.9 (90%). 

3. Multiply the FLC on the motor name- 
plate by the rated current multiplier 
to obtain the corrected overload trip 
current to be used. 


Overload trip current = 25 x 0.9 
Overload trip current = 22.5 A 
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Supplemental Topic 


Motor Control Circuit Protection 


A motor control circuit is the circuit of a 
motor control apparatus or system that 
carries electric signals directing the per- 
formance of the controller, but does not 
carry the main power current. The motor 
control circuit is the circuit that controls 
the operation of the magnetic coil within 
the controller itself. Within this circuit 
are pilot devices and indicating devices. 
A pilot device is a sensing device that 
controls the motor controller. An indicat- 
ing device is a pilot light, buzzer, horn, 
or other type of alarm. Often, the wiring 
of a motor control circuit is complex and 
requires 10 times the amount of wiring of 
the motor power circuit. 


Control-Circuit Overcurrent 
Protection 


The motor control circuit includes all of the 
pilot devices, indicating equipment, and 
magnetic coils within the circuit. The main 
concern of NEC® Article 430 regarding the 
control circuit is the protection of these 
items, the conductors, and the control- 
circuit transformer. 


The NEC® requires that the control 
circuits be provided with protection in 


accordance with their ampacity. It 
does not require that the control circuit 
conductors have an ampacity large 
enough to carry the current required 
of a motor circuit. In some cases, the 
ampacity of the overcurrent device 
may be higher than the ampacity of 
the conductor. 


A motor control circuit may originate 
in one of two ways. First, the motor 
control circuit may be tapped from the 
load side of a motor branch-circuit fuse 
or CB. A control circuit tapped from the 
load side is not considered a branch 
circuit and is considered protected 
by either a supplementary or branch- 
circuit overcurrent device. Second, 
the motor control circuit may be de- 
rived from a panelboard or a control 
transformer. In this case, the control 
conductors shall be protected. The 
NEC® gives requirements for specific 
overcurrent protection applications. 


For control circuit conductors sup- 
plied from a 2-wire, single-voltage 
transformer secondary, the NEC® al- 
lows the circuit to have overcurrent 
protection provided by the transformers 
primary overcurrent protection device. 


20 A FUSE 


CONTROL CIRCUIT DERIVED 
FROM A 2-WIRE XFMR WITHIN 
CONTROLLER ENCLOSURE 


AUXILIARY 
CONTACTS 


NO. 16 Cu 
CONTROL WIRES 


REQUIRED 


CONTROL 
+ ENCLOSURE 


The amperage rating is calculated 


from Table 430.72(B). For example, 
a control circuit derived from a 2-wire 
transformer within a controller enclosure 
with #16 AWG wire and a transformer that 
reduces the voltage from 240 V to 120 V. 
From the Table, the maximum current for 
a #16 AWG copper wire is 40 A for con- 
ductors within an enclosure. This current 
is multiplied by the ratio of the secondary 
voltage and the primary voltage. In this 
case, the maximum-size fuse required for 
the primary of the control transformer is 
20 A (40 x 120/240 = 20). 


The NEC® permits five methods of 
providing overcurrent protection for 
motor control-circuit transformers. The 
first method is described in NEC® Article 
725 for Class 1 power-limited circuits or 
Class 2 or Class 3 remote-control cir- 
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cuits. The second method is described 
in NEC® Section 450.3 for transformer 
overcurrent protection. 


The third method allows a control 
transformer to be protected by the 
primary overcurrent devices, provided 
that the transformer is 50 VA or smaller 
and is part of the motor controller 
and located within the controller en- 
closure. The fourth method permits 
a control transformer with a rated 
primary current of 2 A or less to be 
considered protected at up to 500% 
of the rated primary current, provided 
the overcurrent device is in each of 
the ungrounded conductors of the sup- 
ply circuit. The fifth method for motor 
control circuit transformer protection 
is the use of any protection scheme 
that is approved. 


Supplemental Topic 
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Application — Sizing Overload 
Protection 


Usng the nameplate FLC to size running 
overload protection protects a motor up to 
the maximum current allowed. The running 
overload protection device disconnects the 
motor only when the current has reached 
its maximum permissible level. If a motor is 
connected to a load that does not require full 
motor power, the running overload protec- 
tion can be rated less than FLC, but greater 
than the current required to turn the load. 


For a separate overload device, the level 
at which the running overload protecting 
device is set to open is determined by one 
of three possible circumstances, as long 
as motor starting is not a problem. First, 
overloads for motors with a marked service 
factor of 1.15 or higher can be set as high 


as 125% of FLC. Second, overloads for 
motors with a marked temperature rise of 
40°C or less can be set as high as 125% 
of FLC. Third, overloads for all other motors 
not meeting these special restrictions can 
be set as high as 115% of FLC. For motors 
that are difficult to start, the respective per- 
centages are increased from 125% to 140% 
and from 115% to 130%. The requirements 
for thermally protected motors are given in 
the NEC®. 


A properly sized running overload pro- 
tection device removes the motor from the 
circuit if an overload is present for a long 
enough period of time to do damage to the 
motor. For example, overloads may occur 
when the motor bearings begin to lock or 
the load increases. When this happens, 
excessive heat builds up in the windings, 
damaging the insulation. 


TYPE | AC PHASE] 3 

[ac | L] -rc 
HP 50 CYCLE| 60 
VOLTS | 460 AMPS | 65 


1150 TEMP RISE |40° C 


se [i2] cove[ E | 
TIME RATE (CONT 


1.15 OR HIGHER 


Maximum OL = 65 x 1.25 = 81.25 A 


MOTOR-STARTING CURRENT 
IS NOT A PROBLEM 


40° C OR LESS 


PHASE| 3 |] 
CYCLE| 60 
amps | 65 | 
TEMP RISE [40° c] 
cove[ E | 


1150 


N TIME RATE |CONT 


Maximum OL = 65 x 1.40 = 91.0 A 


MOTOR-STARTING CURRENT 
IS A PROBLEM 
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e An overcurrent is any current over the normal current level. 


* A short circuit is an excessive current that leaves the normal current-carrying path by going around the load 
and back to the power source. 


e A ground fault is a type of short circuit consisting of an unintentional connection between an ungrounded 
conductor and any grounded raceway, box, enclosure, or fitting. 


e An overload is an excessive current that is confined to the normal current-carrying conductors and is caused by 
a load that exceeds the full-load torque rating of the motor. 


e An overcurrent protection device (OCPD) is used to provide overcurrent protection of a switched circuit. 
e A plug fuse is a screw-in fuse. The two common types of plug fuses are Edison-base fuses and type S fuses. 


e A cartridge fuse is a snap-in cylindrical fuse constructed of a fusible metallic link or links. Cartridge fuses may 
be time-delay and non-time-delay types. 


¢ OCPDs are commonly rated by the current, voltage, and interrupting ratings. The current rating is the maximum 
amount of current that can be carried without opening the device. The voltage rating is the maximum amount 
of voltage that can safely be applied. The interrupting rating is the maximum amount of current that the device 
can safely interrupt. 


* Motors typically draw a large inrush current during startup. An OCPD must clear short circuits and ground 
faults, while allowing for the inrush current. Fuses and CBs are sized for the inrush current. 


e Motors typically draw up to their normal full-load current (FLC) while operating. An OCPD must open the 
circuit if excessive operating current is drawn. Overload relays are sized for the operating current. 


* Fuses and CBs can be tested during troubleshooting motor problems as part of an overall evaluation of the 
power distribution and circuit. 


* Common types of CBs include inverse-time CBs, adjustable-trip CBs, non-adjustable-trip CBs, and instanta- 
neous-trip CBs. An inverse-time CB (ITCB) has an intentional delay before tripping. An adjustable-trip CB 
(ATCB) is a CB whose trip setting can be changed. A non-adjustable-trip CB (NATCB) is a CB with settings 
that cannot be changed. An instantaneous-trip CB (ITB) is a CB with no delay before wipping. 


e The NEC® requires protection of all pilot devices, indicating equipment, magnetic coils, conductors, and the 


control circuit transformer according to their ampacity. 
< 
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An overcurrent is any current over the normal current level. 


A short circuit is an excessive current that leaves the normal current-carrying path by going around the load and 
back to the power source. à 


A ground fault is an unintentional connection between an ungrounded conductor and any grounded raceway, 
box, enclosure, or fitting. 


An overload is an excessive current that is confined to the normal current-carrying Conductors and is caused by 
a load that exceeds the full-load torque rating of the motor. 


An overcurrent protection device (OCPD) is a set of fuses or circuit breakers (CBs) added to provide overcur- 
rent protection of a switched circuit. 


A fuse is an overcurrent protection device with a fusible link that melts and opens the circuit when an overcurrent 
occurs. i 


A plug fuse is a screw-in fuse that uses a metallic strip that melts when a predetermined amount of current flows 
through it. 


An Edison-base fuse is a plug fuse that incorporates a screw configuration that is interchangeable with fuses of 
other amperage ratings. 


A type S fuse is a plug fuse that incorporates a screw-and-adapter configuration that is not interchangeable with 
fuses of another amperage rating. 


A cartridge fuse is a snap-in cylindrical fuse constructed of a fusible metallic link or links that is designed to open 
at predetermined current levels to protect circuit conductors and equipment. 


A non-time-delay fuse (NTDF)is a single-element fuse that can detect an overcurrent and open the circuit almost 
instantly. 


A time-delay fuse (TDF) is a dual-element fuse that may detect and remove a short circuit almost instantly, but 
allow small overloads to exist for a short period. 


A circuit breaker (CB) is an overcurrent protection device with a mechanical mechanism that automatically opens 
a circuit when an overload condition or short-circuit occurs. 


An inverse-time circuit breaker (ITCB) is a circuit breaker (CB) with an intentional delay between the time when 
the fault or overload is sensed and the time when the CB operates. 


An adjustable-trip circuit breaker (ATCB) is a circuit breaker (CB) whose trip setting can be changed by adjust- 
ing the current setpoint, trip time characteristics, or both, within a particular range. 


A non-adjustable-trip circuit breaker (NATCB) is a circuit breaker (CB) whose settings for the ampere trip set- 
point or the time-trip setpoint cannot be changed. 


An instantaneous-trip circuit breaker (ITB) is a circuit breaker (CB) with no delay between the fault- or overload- 
sensing element and the tripping action of the device. 


The current rating is the continuous amount of current that can be safely carried by an overcurrent protection 
device without blowing or tripping. 


The voltage rating is the continuous amount of voltage that can safely be applied to an overcurrent protection 
device and determines the ability of a fuse to suppress the internal arcing after the fusible link melts. 


The interrupting rating is the maximum amount of current that can be safely applied to an overcurrent protection 
device while still maintaining its physical integrity when reacting to fault currents. 


Full-load current (FLC) is the amount of current drawn when the motor is connected to the maximum load the 
motor is designed to drive. 


The overload class rating is an indicator of the maximum length of time it takes for the overload relay to trip at 
600% overload. 


^A thermal overload relay is an overload relay that uses the resistive heating to open a set of contacts. 
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A melting-alloy overload relay, or heater, is an overload relay that uses a heater coil to produce the heat to melt 
a eutectic alloy. 


A eutectic alloy is an alloy that has a constant melting-point temperature due to the combination of the given 
components. 


A bimetallic-strip overload relay is a relay consisting of two joined pieces of dissimilar metals with different expan- 
sion rates constructed into a strip in such a way that the strip bends when heated and opens a set of contacts. 


An electromagnetic overload relay is a relay that operates on the principle that as the level of current in a circuit 
increases so does the strength of the magnetic field produced by that current flow. 


An electronic overload relay is a device that has built-in circuitry to sense changes in current and temperature. 


. Describe the difference between a short circuit, a ground fault, and an overload. 


— 


2. Use an example to demonstrate why overcurrent protection is needed in a circuit. 
3. Describe the difference between an Edison-base fuse and a type S fuse. Why are type S fuses preferred? 


4. Describe the difference between a non-time-delay fuse and a time-delay fuse. Explain which type would typi- 
cally be used in a motor circuit. 


5. List the most common types of CBs. 

6. Det cribe the different ratings used with OCPDs. 

7. Describe the similarities and differences between motor-starting protection and motor-running protection. 
8. Describe the operation of thermal overload relays. 


9. Describe the operation of electromagnetic overload relays and electronic overload relays. 


m 


Refer to the CD-ROM A D 
for Quick Quiz? questions |o 
related to chapter content. | = — 
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e Describe how a stator is constructed. 

e List the parts of a rotor. 

e Describe the difference between electrical degrees and mechanical 
degrees. 

e Demonstrate how the synchronous speed of a motor is calculated. 

¢ Describe how a stator rotating field is created. 

e Describe the difference between a wye-connected and a delta-connected 
motor. 

e List and describe four components of motor torque. 

e Define power factor in terms of true power, reactive power, and apparent 

power. 

List and describe five types of motor energy losses. 


Three-phase motors are the standard motor type used in industry. These 
motors vary in size from fractional horsepower to thousands of horse- 
power. Three-phase motors operate at a fairly constant speed and are avail- 
able in designs with a variety of torque characteristics. The primary advan- 


tages of three-phase motors are low maintenance requirements and 
economy of operation. 
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A stator is the fixed, 
unmoving part of a mo- 
tor, consisting of a core 
and windings, or coils, 
that converts electrical 
energy to the energy of a 
magnetic field. 


THREE-PHASE MOTOR 
CONSTRUCTION 


A 3-phase motor transfers energy from 
electric power to the load through the use 
of a rotating magnetic field. The rotating 
magnetic field is generated as current flows 
through the stator coils. The extensive use 
of 3-phase motors for almost all industrial 
applications is due to the following: 
¢ Three-phase power is the standard power 
supplied by electrical power companies 
to almost all commercial and industrial 
locations. A 3-phase motor can be con- 
nected to the supplied power with little 
modification or control required. 


e Three-phase motors are simple in 
construction, rugged, and require little 
maintenance. It 1s not uncommon to 
find 3-phase motors that have run in an 
application for ten or more years without 
a failure. 


¢ Three-phase motors are less expensive 
than other motor types of the same horse- 
power rating. They are also available in 
a larger selection of sizes, speeds, and 
frames than other motors. 


e Three-phase motors cost less to operate 
per horsepower than single-phase motors 
or DC motors. 

¢ Three-phase motors have a fairly constant 
speed characteristic and are available in a 
wide variety of torque characteristics. 

e Three-phase motors are self-starting. 
Under many circumstances, no special 
starting method is required. 


Stator Construction 


A stator is the fixed, unmoving part of a mo- 
tor, consisting of a core and windings, or coils, 
that converts electrical energy to the energy of 
a magnetic field. The stator of a three-phase 
motor is enclosed within a housing made of 
cast iron, rolled steel, or cast aluminum. See 
Figure 4-1. The windings are coils of wire 
wrapped through slots in the stator core. 


Stator Cores. The stator core consists of 
many thin iron sheets laminated together, 
pressed into a frame, and secured in place. 


These sheets are round and resemble a large, 
flat doughnut, with a large hole in the middle. 
The iron sheets are electrically separated 
from each other by an insulating coating. 
The separation reduces the cross-sectional 
area of the core and shortens the conduction 
path for damaging eddy currents. 


Figure 4-1. The stator consists of a core and 
windings and is enclosed within a housing. 


The laminated sheets of the core have 
notches punched around their inner diam- 
eter and are stacked in the housing. When 
the sheets are stacked and pressed into the 
housing, these notches become the slots for 
the windings. See Figure 4-2. 


Stator Windings. The stator windings con- 
sist of coils of copper wire placed in slots 
120 electrical degrees apart. The windings 
are well insulated and can tolerate high 
voltage and high current. For smaller mo- 
tors, the stator coils are assembled into one 
component. During maintenance, the entire 
motor must be removed and replaced. 

For larger stators, the coils are indi- 
vidually constructed and connected. These 
coils are wound into the desired form with 
rectangular wire. The end of each coil is 
made so that it can be bolted to the next 
coil. This facilitates in-field replacements 
by eliminating the need to remove the stator 
and completely rewind it. 
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Laminated Stator Cores 


LAMINATED 
IRON SHEETS 


WINDINGS 


INDIVIDUAL LAMINATION STATOR ASSEMBLY 


Figure 4-2. Many individual laminated sheets are pressed together into the housing, becoming the stator frame. 


A 3-phase stator is wound with coils 
that are connected to produce the three 
separate phases, A, B, and C. See Figure 4- 
3. Each phase must have the same number 
of coils, so the total number of coils must 
be divisible by the number 3. For example, 
if the total number of coils wound in the 
stator is 36, then each phase contains 12 
coils equally divided among the poles. 

During motor manufacture, an insulat- 
ing material called slot paper is first laid in 
the slot to provide protection and electrical 
insulation. When the windings are laid 
in the slots, a holder made of Glastic® or 
fiberglass, called a topstick, is driven into 
the slot over each winding to hold it in 
place. See Figure 4-4. In some cases, a 
midstick is also used to hold the windings 
in place. 

The coil connections are made around the 
outer perimeter and the coils are tied together 
to prevent movement. The stator is lowered 
into a tank containing insulating varnish, 
where it is submerged long enough to allow 
the varnish to saturate the windings. The 
stator is then suspended over the tank long 


enough to allow the excess varnish to drip 
off. Next the stator is placed in an oven for 
curing. The cured varnish not only insulates 
the windings, but also holds the windings 
together to prevent movement. 


Winding Construction 


Baldor Electric Co. 


Figure 4-3. A 3-phase stator is wound with coils that are connected to pro- 


duce the three separate phases, A, B, and C. 
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If the coils are allowed to move, the 
wires can rub through the insulation and 
short between different turns of the wire 
or to ground. Turn-to-turn shorts lower the 
flux, reducing induction to the rotor. This 
also reduces the inductive reactance in the 
stator, raising the line current to poten- 
tially dangerous levels. Heat is produced 
at the shorted connection and the stator 
eventually fails. 

Operation of the overload device might 
not occur with only a few shorted turns be- 
cause a small load may draw much lower cur- 
rent than required for the overloads to trip. A 
short to ground produces large currents and 
affects the operation of the short-circuited 
devices. This is why proper grounding of 
the motor is so important. Unless the motor 
is grounded, the frame is common to the 
phase that shorted, and a dangerous voltage 
is present on the housing. 


TOPSTICK 


\ STATOR IRON 


Figure 4-4, During motor manufacture, an insulating material called slot paper is first laid in the slot to provide protection 
and electrical insulation. 


When the stator is removed from the oven 
and cooled, the varnish is sanded from the 
bore of the core to allow for a minimal air gap 
between the stator and rotor. See Figure 4-5. 
The size of the air gap must be very small 
to prevent loss of magnetic flux between the 
stator and the rotor. The flux created in the 
stator must cross the air gap to induce cur- 
rent in the rotor windings. Any loss of flux 
affects torque, increases slip, and decreases 
the motor’s efficiency. 


Bech rect 


In a 3-phase motor, there are three stator 
windings for each pole. The windings are 
combined to give the required number of 
poles. A common 4-pole stator design has 
36 slots, so each pole has nine windings. 
The nine windings are placed in three 
groups of three, with each group connected 
in series for each phase. 
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_ Definition 


A rotor is the rotating, 
moving part of a motor, 
consisting of a core and 
windings, which convert 
VARNISH-COATED the rotating magnetic 
WINDINGS field of the stator into 
the torque that rotates 
the shaft. 


CLEANED BORE 


Figure 4-5. Varnish is sanded from the bore to allow for a minimal air gap between the stator 


and rotor. 


Housing. Feet are attached to the housing to 
provide a method of mounting the motor to 
a base. See Figure 4-6. The core is pressed 
into the housing. The end of the housing 
is machined to allow precise fit of the end 
bell as it is attached to the housing. Close 
tolerances of the endbell to the housing 
are Critical, as the rotor must be centered 
in the core to ensure an even air gap. The 
air gap is the space between the rotor and 
stator. The endbells contain the bearings to 
support the rotor, and in some types of mo- 
tors, close the ends of the housing as well. 
Larger motors also may have cooling fins 
to help remove heat and a lifting hook to 
facilitate installation. 


Rotor Construction 

A rotor is the rotating, moving part of a 
motor, consisting of a core and windings, 
which convert the rotating magnetic field 
of the stator into the torque that rotates the 
shaft. The rotor is mountcd on a shaft that is 
used to transfer the power to the load. 


Motor Housing 


LIFTING 


-i ENDBELL 


COOLING 
FINS 


MOUNTING FEET 


Baldor Electric Co. 


Figure 4-6. Feet are attached to the housing 
to provide a method of mounting the motor 
to a base. 
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A salient pole, oi 
projecting pole, is a 
pole that extends away 
from the core toward the 
stator or extends away 
from the stator toward 
the rotor. 


The motor shaft is a cy- 
lindrical bar used to carry 
the revolving rotor and to 
transfer power from the 
motor to the load. 


Rotor Cores. Like the stator, the rotor core 
consists of many thin iron sheets laminated 
together. See Figure 4-7. The rotor sheets are 
usually thicker than the stator sheets. Since the 
rotor frequency is lower than line frequency, 
other than at locked rotor, the induced eddy 
currents are much smaller than in the stator. 
These sheets are slightly smaller in outer di- 
ameter than the inner bore of the sheets of the 
stator to allow a small space for the air gap. 
In the most common design, the notches are 
punched on the outer diameter of the sheet. 
In an alternate design, the iron sheets are 
manufactured with a salient pole. A salient 
pole, or projecting pole, is a pole that ex- 
tends away from the core toward the stator 
or extends away from the stator toward the 
rotor. Stacked together, the laminated sheets 
resemble a drum, with the notches aligned to 
become slots that will hold the rotor conduc- 
tors or with salient poles for the windings. 


_Rotor Cores 


THIN SHEETS 
LAMINATED 
TOGETHER ~ 


Figure 4-7. The rotor core consists of many 
thin iron sheets laminated together. 


Rotor Windings. While almost all 3-phase 
motors have very similar stator designs, the 
main difference between different types of 
3-phase motors is the design of the rotors 
and windings. The three most common 
types of rotors are used in squirrel-cage 
induction motors, wound-rotor motors, and 
synchronous motors. 


Shafts. The motor shaft is a cylindrical 
bar used to carry the revolving rotor and to 
transfer power from the motor to the load. 
The end of the shaft is machined with a 
keyway to contain a bar-type key or with 
a circular slot that contains a half-moon 
key. See Figure 4-8. This key prevents the 
coupling device from slipping on the shaft. 
Some smaller motors have a flat spot milled 
on the shaft against which a setscrew on the 
coupling device can be set. 

The shaft is machined on its ends to allow 
the bearings to be pressed on to support the 
shaft in the center of the stator. This shaft 
also holds the fan and connects the rotor to 
the load. The shaft is pressed into a hole in 
the center of the rotor. When the motor is 
assembled, the rotor is set inside the stator 
with as small an air gap as possible. 


m BEARING 
| HOUSING 


Figure 4-8. The end of the shaft is machined 
with a keyway to contain a bar-type key. 
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OPERATING PRINCIPLES 


Anelectric motor converts electrical energy 
into torque. An electric power source, usu- 
ally an external source of supply from the 
electric utility, supplies rated voltage to the 
motor terminals. The electric energy induces 
a voltage within the rotor, causing the rotor 
to rotate. A mechanical load coupled to the 
motor shaft receives a torque that enables 
mechanical work to be performed. 


Electrical Degrees 


The flow of electricity is represented by sine 
waves, or curves. For 3-phase power, three 
sine waves placed 120 electrical degrees apart 
are used. Electrical degrees and mechanical 
degrees differ. There are 360° (mechanical) in 
one revolution of the rotor. There are 360 elec- 
trical degrees in one cycle of a sine wave. Each 
cycle of a sine wave in the stator coils results 
in a north pole and a south pole. Therefore, 
there are two poles in 360 electrical degrees, 
or 180 electrical degrees per pole. 

During one rotor revolution in a 2-pole 
motor, the rotor passes from one north pole 
to a south pole and back to the original north 
pole, completing 360 mechanical degrees 
for each 360 electrical degrees. During one 
revolution in a 4-pole motor, a rotor passes 
from one north pole, through a south pole, 
through a north pole, through a south pole, 
and back to the original north pole. Since 
there are 180 electrical degrees per pole, it 
takes 720 electrical degrees, or two electri- 
cal cycles, to complete one revolution in a 
4-pole motor. See Figure 4-9. 


Synchronous Speed 
The synchronous speed is the theoretical 
speed of a motor based on line frequency 
and the number of poles of the motor. The 
synchronous speed of a motor is calculated 
as follows: 
mix 7 
i P 
ee 
= synchronous speed, in rpm 
a = source voltage frequency, in Hz 
P = number of poles 
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Electrical Degrees 
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Figure 4-9. It takes 720 electrical degrees, or 
two electrical cycles, to complete one revolu- 
tion in a 4-pole motor. 


Different motors are designed with 
different numbers of poles. For example, 
a 2-pole motor has two A-phase, two 
B-phase, and two C-phase coils in the 
stator frame. The synchronous speed is 
calculated as follows: 


20 
5 p 
Since 60-Hz power is used almost exclu- 
sively in the United States, the equation can 
be simplified as follows: 
7200 
YS 
: Ip 
For a 2-pole motor, the synchronous 
speed is calculated as follows: 


7200 

OCS 
P 

7200 

Qe = — 
2 


w, = 3600 rpm 
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There are 360 electrical degrees in one sine 
wave. Since each cycle of a sine wave re- 
sults in a north pole and a south pole, there 
are two poles in 360 electrical degrees. 


| Definition 


The synchronous speed 
is the theoretical speed 
of a motor based on line 
frequency and the num- 
ber of poles of the motor. 
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The rotor frequency is 
the rate at which the sta- 
tor magnetic field passes 
the poles in the rotor. 


Very large slow motors often have many 
poles to reduce the speed. For example, a 
large synchronous motor could be designed 
with 8 poles. The synchronous speed is 
calculated as follows: 


7200 
=== 
P 
7200 
O = 
8 
©, = 900 rpm 


Rotor Frequency 


The rotor frequency is the rate at which 
the stator magnetic field passes the poles 
in the rotor. The line frequency is 60 Hz, or 
60 cycles per second. Therefore, the mag- 
netic field in the stator of a 2-pole motor is 
also rotating at 60 revolutions per second, 
or 3600 revolutions per minute (rpm). At 
startup, the stator magnetic field passes the 
rotor poles at 3600 rpm, since the rotor is 
not yet turning. Therefore, the rotor poles 
are exposed to a magnetic field rotating at 
3600 rpm (60 Hz). 

At startup when a motor is in locked 
rotor, the winding resistance and reactance 
are the only limits to current flow. Induc- 
tive reactance increases with increasing 
frequency and decreases with decreasing 
frequency. The rotor conductors have 
very low resistance, but have much higher 
reactance because of the relatively high 
frequency. Since the circuit is at least 10 
times more reactive than resistive, it is a 
reactive circuit and the current lags the 
voltage induced in the rotor by 90 electrical 
degrees. See Figure 4-10. 

As the rotor begins to move, the fre- 
quency of the induced current in the ro- 
tor decreases, until the rotor approaches 
synchronous speed, where the rotor 
frequency approaches 0. As the rotor fre- 
quency decreases, the inductive reactance 
also decreases and the total impedance 
decreases. The circuit becomes more 
resistive and the angle at which the cur- 
rent lags the voltage decreases. At very 
low frequencies, the poles of the rotor 


are moving at almost the same speed as 
the poles of the stator magnetic field. At 
synchronous speed, there would be no 
induced current because there is no longer 
any relative motion. 


Rotor Frequency _ 
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Figure 4-10. Inductive reactance increases 
with increasing frequency and decreases with 
decreasing frequency. 


Stator Rotating Field 


Looking at the 3-phase sine curves, an arbi- 
trary point in time is chosen at the beginning 
and 0 electrical degrees is assigned to the 
alternating current at that point. See Fig- 
ure 4-11. At this beginning point, the sine 
waves show —5 A for phase A, +10 A for 
phase B, and -5 A for phase C. The + and 
— signs indicate the direction of the current 
and the numbers represent the magnitude 
of the current. 

Since current flows from negative to posi- 
tive, it flows from the conductor(s) with the 
negative current, through the motor windings, 
to the conductor(s) with the positive current. 
The direction of flow through coils and the 
polarity of the magnetic field and motor poles 
are established by the motor design. 


The current changes in each conductor as 
it rotates through the complete cycle. As the 
current changes, the amount of current flow- 
ing in each coil changes and the magnetic 
field around the coil changes. The current 
varies from maximum positive, through 
zero, to the maximum negative value. As 
the current changes direction, the polarity 
of the magnetic field changes. The three 
phases add to produce a single rotating 
magnetic field. 


Single-Voltage Motors 


The windings must be connected to the 
proper voltage to avoid damage to the mo- 
tor. The voltage level is determined by the 
manufacturer and is stamped on the motor 
nameplate. A single-voltage motor is a mo- 
tor that operates at only one voltage level. 
Single-voltage, 3-phase motors are less 
expensive to manufacture than dual-voltage, 
3-phase motors, but are limited to locations 
having the same voltage as the motor. Typi- 
cal single-voltage, 3-phase motor ratings 
are 230 V, 460 V, and 575 V. Less common 
single-voltage, 3-phase motor ratings are 
200 V, 208 V, and 280 V. 

Several types of motor connections 
must be evaluated. The stator can be wired 
in a wye or delta configuration. In addi- 
tion, many motors are dual voltage and 
can be wired to operate at a low voltage 
or a high voltage. For single-voltage mo- 
tors, the stator coils may consist of two 
coils per pole, but the coils are internally 
connected by the manufacturer so that the 
motor can only operate at one voltage. 
The motor nameplate typically has a wir- 
ing diagram depicting the proper wiring 
connections for the desired operation. See 
Figure 4-12. 


Unlike some types of motors, 3-phase mo- 
tors are simple in construction, are rugged, 
and require very little maintenance. lt is 
not uncommon to find 3-phase motors that 
have run for 10 years or more without a 
failure. 
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Three-Phase Power 
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Figure 4-11. The sine curves show —5 A for phase A, +10 A for phase B, 
and —5 A for phase C. The + and — signs indicate the direction of the current 


and the numbers represent the magnitude of the current. 
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Figure 4-12. The motor nameplate typically 
has a wiring diagram depicting the proper wir- 
ing connections for the desired operation. 


Single- Voltage, Wye-Connected Motors. 
In a wye-connected, 3-phase motor, one 
end of each of the three phase windings 
is internally connected to the other phase 
windings. The remaining end of each phase 
winding is then brought out externally to 
form T1, T2, and T3. When connecting to 
3-phase power lines, the power lines and 
motor terminals are connected LI to T1, 
L2 to T2, and L3 to T3. See Figure 4-13. 
A 2-pole motor was chosen for this illustra- 
tion for simplicity. For any other number of 
poles, the principles are the same, but the 
illustration would be more complex because 
there would be more coils. 


| Definition 


A single-voltage motor 
is a motor that operates 
at only one voltage level. 
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Figure 4-13. in a wye-connected, 3-phase motor, one end of each of the three phase windings is internally connected to the 
other phase windings. The remaining end of each phase is then brought out externally to form T1, T2, and T3. 


The sine-curve graph shows the cur- 
rents in each of the phases through one 
cycle. The stator drawing showing the 
motor coils is the best for showing how 
the poles are created and showing the 
location of the strongest fields. The draw- 
ing of the wye connections is the best 
for showing the current flow through the 
coils. These illustrations work together 
to describe the operation of a wye-con- 
nected motor. 

At the beginning at 0 electrical degrees, 
the sine curves show —5 A for phase A, 
+10 A for phase B, and —5 A for phase C. 
Because the stator is wye connected, the 
current through each coil is equal to the 
phase current. Looking at the wye con- 
nections, the +10 A current from phase 
B flows through L2 to coils BI and B2. 
The current splits equally at the wye con- 
nection and 5 A flows through the other 
coils. The current returns out the T1 and 
T3 terminals. 

The same current can be seen in the 
stator drawing. The largest current flows 
through coils B1 and B2, so the strongest 
magnetic field is also present at those coils, 
creating the strongest poles. Smaller cur- 
rents through the other coils create weaker 
poles. The magnetic fields around like poles 
combine into one larger field. 

The north or south polarity of the poles 
is determined by the direction of the current 
flow and the motor design. The strongest 
north pole in the stator is at coil B2 and 
the strongest south pole in the stator is a 
coil B1. The stator magnetic fields induce 
current in the rotor that creates opposite ro- 
tor poles corresponding to the stator poles. 
The reference starting position is chosen 
to be centered on coil B1, centered on the 
combined magnetic field. 

The current starts to change as the sine 
wave rotates through the cycle and the 
amount of current flowing through each 
coil changes. As the current changes, the 
stator poles move to follow the strongest 
current. See Figure 4-14. The magnitude 
of the current in phase A increases from 
-5 A toward —10 A, the current in phase B 


Chapter 4—Three-Phase Motors 91 


decreases from +10 A toward 0 A, and the 
current in phase C decreases from —5 A 
toward 0 A. 

At 30 electrical degrees, the current in 
phase A is —8.66 A, the current in phase B is 
+8.66 A, and the current in phase C is 0 A. 
The magnitude of the current flowing through 
coils Al, A2, B1, and B2 is equal. The poles 
created in the stator are 30 electrical degrees 
from the starting position of 0 electrical 
degrees. Since the motor has a 2-pole stator, 
the rotor is also rotated by 30° (mechanical 
degrees) to keep the poles aligned. 

The current continues to alternate and 
the stator poles continue to rotate. At 60 
electrical degrees, L2 and L3 are at the 
same potential. Therefore, no current 
flows between these conductors. Equal 
currents enter at T2 and T3 and combine 
at the internal wye connection. Since the 
largest current flows through coils Al 
and A2, with smaller currents through the 
other coils, the strongest poles are cre- 
ated at Al and A2. As a result, the rotor 
poles also rotate 60 mechanical degrees 
from the starting point. At 90 electrical 
degrees, the current flowing through coils 
Al, A2, Cl, and C2 is equal. The poles 
created in the stator are 90 electrical 
degrees from the starting position at 0 
electrical degrees. 

The current continues to alternate 

through the remainder of the cycle. The 
stator poles continue to rotate around the 
stator until the poles have traveled all 
the way around the stator and the cycle 
begins again. 
Single-Voltage, Delta-Connected Mo- 
tors. In a delta-connected, 3-phase motor, 
each phase is wired end-to-end to form a 
completely closed circuit. At each point 
where the phases are connected, leads are 
brought out externally to form T1, T2, and 
T3. See Figure 4-15. T1, T2, and T3 are 
connected to the three power lines, with 
L1 connected to T1, L2 connected to T2, 
and L3 connected to T3. The 3-phase line 
supplying power to the motor must have 
the same voltage and frequency rating as 
the motor. 
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Figure 4-14. As the current changes, the stator poles move to follow the strongest current. 
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Single-Voltage, Delta-Connected Motors 
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Figure 4-15. Ina delta-connected, 3-phase motor, each phase is wired end-to-end to form a completely closed circuit. At 
each point where the phases are connected, leads are brought out externally to form T1, T2, and T3. 
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The sine-curve graph shows the currents 
in each of the phases through one cycle. The 
drawing of the stator coils is the best for show- 
ing how the poles are created and showing the 
location of the strongest fields. The drawing of 
the delta connections is the best for showing 
the current flow through the coils. These draw- 
ings work together to illustrate the operation 
of a wye-connected motor. 

At the beginning at 0 electrical degrees, 
the sine curves show —5 A for phase A, +10 
A for phase B, and —5 A for phase C. The + 
and — signs indicate the direction of current 
flow and the numbers represent the magnitude 
of the current flow. Because the stator is delta 
connected, the current through each coil is not 
equal to the phase current. The 10-A current 
from phase B splits equally at T2. A current of 
5 A flows through coils A2 to Al and returns 
at T1. An equal current of 5 A flows through 
coils B1 and B2 and returns at T3. 

Since equal current flows through coils 
Al, A2, B1, and B2, the magnetic fields 
are also equal. The equal magnetic fields 
create equal poles. The stator magnetic 
fields induce current in the rotor that cre- 
ates opposite rotor poles corresponding to 
the stator poles. The magnetic fields around 
like poles combine into one larger field. The 
reference starting position is chosen to be 
equidistant between coils Al and B1, at the 
center of the magnetic field. 

The current starts to change as the sine 
wave rotates through the cycle and the 
amount of current flowing through each coil 
changes. As the current changes, the stator 
poles move to follow the strongest current. 
See Figure 4-16. The magnitude of the cur- 
rent in phase A increases from —5 A toward 
—10A, the current in phase B decreases from 
+10 A toward 0 A, and the current in phase 
C decreases from —5 A toward 0 A. 

At 30 electrical degrees, the current in 
phase A is —8.66 A, the current in phase B 
is +8.66 A, and the current in phase C is 
0 A. Since there is no current flow through 
L3, all current flows from L2 to L1. There 
are two paths for the current to flow. The 
path through B1, B2, C1, and C2 has twice 
the impedance of the path through Al and 


A2. When the current splits at T2, twice as 
much current flows through Al and A2 than 
through the other path. 

The magnitude of the current flowing 
through coils Al and A2 is 5.77 A. The 
magnitude of the current through B1, B2, 
Cl, and C2 is 2.89 A. Since the current is 
‘stronger through A 1 and A2 than through the 
other path, the poles created at those coils are 
stronger than the other poles. These poles in 
the stator are 30 electrical degrees from the 
starting position at 0 electrical degrees. Since 
the motor has a 2-pole stator, the rotor has 
also rotated by 30° (mechanical degrees) to 
keep the poles aligned. 

The current continues to alternate and 
the stator poles continue to rotate. At 60 
electrical degrees, the current in phase A 
is —10 A, the current in phase B is +5 A, 
and the current in phase C is +5 A. As a 
result, 5 A enters at L2 and 5 A enters at 
L3. The currents combine at T1 and return 
at L1. Since equal currents flow through 
coils A2, Al, C1, and C2, equal poles are 
formed at these coils. The poles are rotated 
60 electrical degrees from the reference 
starting position. As a result, the rotor poles 
also rotate 60 electrical degrees from the 
starting point. 

At 90 electrical degrees, the current in 
phase A ts —8.66 A, the current in phase B 
is 0 A, and the current in phase C is +8.66 A. 
As aresult, 8.66A enters at L2 and splits. The 
magnitude of the current flowing through 
coils C1 and C2 is 5.77 A. Thc magnitude 
of the current through B2, B1, A2, and A1 is 
2.89 A. Since the current is stronger through 
C1 and C2 than through the other path, the 
poles created at those coils are stronger than 
the other poles. The poles created in the sta- 
tor are 90 electrical degrees from the starting 
position at 0 electrical degrees. As a result, 
the rotor poles also rotate 90 mechanical 
degrees from the starting point. 

The current continues to alternate 
through the remainder of the cycle. The 
stator poles continue to rotate around the 
stator until the poles have traveled all 
the way around the stator and the cycle 
begins again. 
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Figure 4-16. As the current changes, the stator poles move to follow the strongest current. 
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tic Dual-Voltage Motors 


Dual-Voltage, Wye-Connected, 
Three-Phase Motors _ 


A dual-voltage motor is a motor that oper- 
ates at more than one voltage level. Most 3- 
phase motors are manufactured so that they 
can be connected for either of two voltages. 
The purpose in making motors for two volt- 
ages is to enable the same motor to be used 
with two different power line voltages. 

A typical dual-voltage, 3-phase motor 
rating is 230/460 V. Other common dual- 
voltage, 3-phase motor ratings are 240/480 V 
and 208—230/460 V. The dual-voltage rating 
of the motor is listed on the nameplate of 
the motor. If both voltages are available, the 
higher voltage is usually preferred because 
the. motor uses the same amount of power, 
given the same horsepower output, for ei- 
ther high or low voltage. As the voltage is 
doubled (e.g., 230 V to 460 V), the current 
drawn on the power lines is cut in half. With 
the reduced current, the wire size is reduced, 
and the material cost is decreased. 


A dual-voltage motor is 
a motor that operates at 
more than one voltage 


ie EACH PHASE 
IS DIVIDED 
INTO TWO 
EQUAL PARTS 


- 


Dual-Voltage, Wye-Connected Motors. 
In a dual-voltage, wye-connected, 3-phase 
motor, each phase coil (A, B, and C) is di- 
vided into two equal parts and the coils are 
connected in a standard wye connection. By 
dividing the phase coils in two, nine terminal 
leads are available. These motor leads are 
marked terminals one through nine (T1 to 
T9). See Figure 4-17. 

When a dual-voltage, wyc-connected, 3- 
phase motor is connected for high voltage, 
LI to T1, L2 to T2, and L3 to T3 are con- 
nected at the motor starter. With wire nuts 
and tape, T4 is tied to T7, T5 is tied to T8, and 
T6 is tied to T9. By making these connec- 
tions, the individual coils in each phase are 
connected in series and the applied voltage 
divides equally among the coils. 

When a dual-voltage, wye-connected, 
3-phase motor is connected for low voltage, 
L1 to T1 and T7, L2 to T2 and T8, and L3 
to T3 and T9 are connected at the motor 
Starter. With a wire nut and tape, T4, T5, and 
T6 are tied together. By making these con- 
nections, the individual coils in each phase 


LOW VOLTAGE (PARALLEL) 


are connected in parallel. Since the coils are 
connected in parallel, the applied voltage is 
present across each set of coils. 


Figure 4-17. Each phase coil (A, B, and C) is 
divided into two equal parts and the coils are 
connected in a standard wye connection. 


Dual- Voltage, Delta-Connected Motors. 
Ina dual-voltage, delta-connected, 3-phase 
motor, each phase coil (A, B, and C) is di- 
vided into two equal parts and the coils are 
connected in a standard delta connection. 
By dividing the phase coils in two, nine 
terminal leads are available. These motor 
leads are marked terminals one through 
nine (T1—T9). The nine terminal leads can 
be connected for high or low voltage. See 
Figure 4-18. 

When a dual-voltage, delta-connected, 
3-phase motor is connected for high volt- 
age, LI to T1, L2 to T2, and L3 to T3 are 
connected at the motor starter. With wire 
nuts and tape, T4 is tied to T7, T5 is tied 
to T8, and T6 is tied to T9. By making 
these connections, the individual coils 
in each phase are connected in series. 
Since the coils are connected in series, 
the applied voltage divides equally among 
the coils. 

When a dual-voltage, delta-connected, 
3-phase motor is connected for low volt- 
age, L] to T1, L2 to T2, and L3 to T3 are 
connected at the motor starter. With a wire 
nut and tape, T1 is tied to T7 and T6, T2 is 
tied to T8 and T4, and T3 is tied to T9 and 
T5. By making these connections, the in- 
dividual coils in each phase are connected 
in parallel. Since the coils are connected 
in parallel, the applied voltage is present 
across each set of coils. 


Twelve-Lead, 3-Phase Motors 


Typically, dual-voltage, 3-phase motors 
have nine leads coming out of the motor 
box. A 9-lead, wye-connected motor and a 
9-lead, delta-connected motor have interna! 
connections made by the manufacturer. 
However, manufacturers of dual-voltage, 3- 
phase, wye-connected and de|ta-connected 
motors sometimes do not make the internal 
connections. The internally unconnected 
motors have 12 leads coming out of the 
motor box. The three additional leads are 
labeled T10,T11, and T12. The connections 
are made externally by the installer. See 
Figure 4-19. 
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Dual-Voltage, Delta-Connected, 
Three-Phase Motors 
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Figure 4-18. Each phase coil (A, B, and C ) is 
divided into two equal parts and the coils are 
connected in a standard delta connection. 
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Figure 4-19. Manufacturers of dual-voltage, 3-phase motors sometimes do not make the internal connections. The internally 
unconnected motors have 12 leads coming out of the motor box labeled T10, T11, and T12. The connections are made 
externally by the installer. 


Reversing Motor Direction 


The direction of rotation of 3-phase mo- 
tors can be reversed by interchanging any 
two of the 3-phase power lines to the mo- 
tor. See Figure 4-20. Although any two 
lines can be interchanged, the industrial 
standard is to interchange T1 and T3. This 
standard holds true for all 3-phase motors. 
For example, to reverse the direction of 
rotation of a delta-connected, 3-phase mo- 
tor, T1 and T3 are interchanged. 
Interchanging T1 and T3 is a standard 
for safety reasons. When first connecting 
a motor, the direction of rotation is usually 
unknown until the motor is started. It is com- 
mon practice to temporarily connect the motor 
to determine the direction of rotation before 


making permanent connections. By always 
interchanging T1 and T3, T2 can be perma- 
nently connected to L2, creating an insulated 
barrier between T1 and T3. 


Motors on 50/60 Hz 


The motor nameplate indicates whether a 
motor is rated to operate at either 50 Hz, 
60 Hz, or both. The motor speed will be 
different at the different line frequencies. A 
motor operating at 60 Hz operates 20% faster 
than a motor operating at 50 Hz. Consult 
the manufacturer if there are any questions 
about the power and torque characteristics 
of motors operated at a line frequency other 
than the design frequency. 
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Reversing Motor Direction Definition 


Torque is a turning or 
twisting force that causes 
an object to rotate. 


TO POWER 
SOURCE 


TO POWER 
SOURCE 


Locked-rotor torque is 
the torque a motor pro- 
duces when the rotor is 
Stationary and full power 
is applied to the motor. 
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Figure 4-20. The direction of rotation of 3-phase motors can be reversed by interchanging any 


two of the 3-phase power lines to the motor. 


MOTOR LOAD AND TORQUE 


Since the function of the motor is to do 
work, the motor must be able to operate 
the load to which it is connected. To do 
this correctly, the motor must be matched 
to the load that it will drive. When the 
motor and load are properly matched, the 
motor should successfully drive the load 
under all given conditions for a reasonable 
period and operate economically. 


Motor Torque 


Torque is a turning or twisting force that 
causes an object to rotate. The torque re- 
quired to operate a load from initial startup 
to final shutdown is considered when deter- 
mining the type and size of motor required 
for a given application. Torque is typically 
measured in foot-pounds (ft-lb), pound-feet 
(lb-ft), and inch-ounces (in.-02). 


Motor power is rated in watts or horse- 
power. See Figure 4-21. A watt (W) is 
the base unit of electrical power. Larger 
motors are rated in kilowatts (kW). A 
horsepower (HP) is a unit of power equal 
to 746 watts or 33,000 pound-feet per 
minute (550 pound-feet per second). The 
horsepower of a motor represents the rate 
at which torque is applied. The four most 
common types of torque related to motors 
are locked-rotor torque, full-load torque, 
pull-up torque, and breakdown torque. See 
Figure 4-22. 

Locked-rotor torque is the torque a motor 
produces when the rotor is stationary and 
full power is applied to the motor. This is 
the minimum torque that a motor at rest 
develops for all angular positions of the 
shaft with rated voltage applied at rated fre- 
quency. Locked-rotor torque is also referred 
to as breakaway or starting torque. 
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Figure 4-22. The four most common types of torque related to motors are 
locked-rotor torque, full-load torque, pull-up torque, and breakdown torque. 


- 


Full-load torque is the torque required to 
produce the rated power at full speed of the 
motor. Once a motor is up to rated speed, 
full-load torque keeps the load turning. 

Pull-up torque is the accelerating torque 
required to bring a load up to the correct 
speed. If a motor is properly sized to the 
load, the time that pull-up torque is applied 
is brief. If a motor does not have sufficient 
pull-up torque, the locked rotor torque 
may start the load turning, but the pull-up 
torque will not bring it up to rated speed. 

Breakdown torque is the maximum 
torque a motor can provide without an 
abrupt reduction in motor speed (stalling). 
As the load on a motor shaft increases, the 
motor produces more torque. As the load 
continues to increase, the point at which 
the motor stalls is reached. This point is the 
breakdown torque. 

During startup, maximum torque is de- 
veloped when the rotor frequency decreases 
to the point at which the winding reactance 
is equal to its resistance. At this point, the 
current in the rotor lags exactly 45 electri- 
cal degrees behind the voltage. The lower 
frequency in the rotor induces a resistive 
current high enough to produce a strong 
field that surrounds the rotor winding and 
creates a strong pole in the iron. 


Matching Motor to Load 


Undersized and oversized motors can drive 
most loads within a given range. However, 
if a motor is undersized, it may drive the 
load for a shorter period than is desirable. 
This is a typical problem with motors that 
require frequent replacement. To simply 
oversize a motor is not always the solution. 
An oversized motor costs more to purchase 
and operate than a properly sized motor, and 
requires more space. Nevertheless, if the 
proper size motor is not available, it is usu- 
ally better to oversize than to undersize. 

To drive a load at a set speed, the motor 
must produce a certain amount of torque. If 
the motor’s output torque is large enough, 
the load will be driven. If the motor’s output 
torque is too small, the load will not be driv- 
en, or will be driven at a reduced speed. 


The torque-speed characteristic of a 
motor must match the load the motor is to 
drive. A load may have a definite torque- 
speed characteristic, such as a pump or fan 
that has a fixed load. Or the load may have a 
variable torque-speed characteristic, such as 
a hoist or conveyor belt used to move loads 
of varying weights. See Figure 4-23. 

A high-inertia load is a load that has 
a relatively large amount of momentum. 
Typical types of high-inertia loads are fans, 
blowers, and punch presses. These types of 
loads are hard to accelerate and decelerate, 
even with a motor that has sufficient torque 
to drive the load at full speed. 


Multiple-Speed Motors 


Multiple-speed, 3-phase motors are designed 
to operate at two, three, or four speeds. The 
motor’s operating speed is dependent upon the 
number of poles used. The speed of the motor 
varies inversely with the nurnber of poles. 
When the speed of a motor changes, the 
horsepower and torque required at the new 
speed may be higher, lower, or the same. 
The type of load and application determine 
whether a change in horsepower or torque is 
required. To meet load requirements, mul- 
tiple-speed, 3-phase motors are designed 
with different operating characteristics. 


Motor Types 


The three motor types available are constant- 
horsepower, constant-torque, and variable- 
torque motors. Constant-horsepower motors 
are designed to give the same maximum 
horsepower at all speeds. Constant-torque 
motors are designed to give the same maxi- 
mum torque at all speeds. Variable-torque 
motors are designed to produce an increase 
in torque and horsepower with an increase 
in speed. 


Constant-Horsepower Motors. In a con- 
stant-horsepower motor, torque decreases 
in the same ratio as the speed increascs, 
maintaining a constant horsepower. More 
current flows at the lower speed, increasing 
the torque. Less current flows at the higher 
speed, decreasing the torque. 
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_ Matching Motor to Load 


PRODUCT TO 
BE PLACED 
ON ROLL 


VARIABLE po 
LOAD w 


CONSTANT TORQUE 


VARIABLE TORQUE 


Figure 4-23. The torque-speed characteristic of a motor must match the 


load the motor is to drive. 


Constant horsepower motors are used to 
drive loads that require the same horsepower 
output at different speeds. Typical applica- 
tions include most machine-tool machines, 
such as boring machines, drilling machines, 
wheel-driven grinders, lathes, and milling 
machines. The number of poles in a constant- 
horsepower motor is effectively changed by 
changing the direction of current through the 
motor windings. See Figure 4-24. 


Constant-Torque Motors. In a constant- 
torque motor, horsepower changes propor- 
tionally to the speed. A proportional change 
is a change in which factors increase or de- 
crease at the same rate. The horscpower and 
the line current increase in the same ratio as 
the motor speed to provide constant torque. 

Constant-torque motors are used to drive 
loads that require a constant torque output 
at different speeds. Typical applications in- 
clude rotary and reciprocating compressors, 
conveyors, displacement fans, and printing 
presses. The number of poles in the motor is 
effectively changed by changing the direc- 
tion of current through the motor windings. 
See Figure 4-25. 


| Definition 


Full-load torque is the 
torque required to pro- 
duce the rated power at 
full speed of the motor. 


Pull-up torque is the 
accelerating torque re- 
quired to bring a load up 
to the correct speed. 


Breakdown torque is the 
maximum torque a motor 
can provide without an 
abrupt reduction in mo- 
tor speed (stalling). 


A high-inertia load is a 
load that has a rela- 
tively large amount of 
momenium. 
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Figure 4-24. Constant-horsepower motors 


are used to drive loads that require the same 
horsepower output at different speeds. 
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Figure 4-25. Constant-torque motors are used 
to drive loads that require a constant torque 
output at different speeds. 


Variable-Torque Motors. In a variable- 
torque motor, torque and horsepower vary 
directly with the speed. The horsepower 
varies with the cube of the speed change. 
Torque and horsepower increase at higher 
speed and decrease at lower speed. Variable- 
torque, multiple-speed motors are used to 
drive fans, pumps, and blowers that require 
an increase in both torque and horsepower 
when speed is increased. The number of 
poles in the motor is effectively changed by 
changing the direction of current through 
the motor windings. See Figure 4-26. 


tech Fact a SE 


The occurrence of voltage sags and swells 
may indicate a weak power distribution sys- 
tem. In such a system, voltage will change 
dramatically when a large motor is switched 
ON or OFF. 
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Figure 4-26. Variable-torque, multiple-speed 
motors are used to drive fans, pumps, and 
blowers that require an increase in both torque 
and horsepower when speed is increased. 


MOTOR POWER 


Ina DC circuit, the polarity of the voltage is 
constant and the current always flows in the 
same direction. The situation is different with 
AC circuits. The alternating current causes 
the magnetic field around an inductor or 
capacitor to alternately charge and discharge 
as the current changes direction. 

True power is the power, in W or kW, 
drawn by a motor that produces useful 
work. True power is used by the resistive 
part of a circuit that performs the work. True 
power can be produced only when current 
and voltage are both positive or both are 
negative. See Figure 4-27. A resistive load 
consumes true power when the voltage and 
current are in the same direction (both posi- 
tive or both negative). 


True Power 
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Figure 4-27. True power can be produced only 
when current and voltage are both are positive 
or both negative.. 


Reactive power is the power, in VAR 
or kVAR, stored and released by the mag- 
netic field around inductors and capacitors. 
Reactive power is measured in volts-amps- 
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reactive (VAR). In a circuit with reactive 
components, the voltage and current are 
out of phase. For purely inductive circuits, 
the current lags the voltage by 90 electrical 
degrees. For circuits with mixed inductive 
and resistive components, the current lags 
the voltage by a value between 0 electrical 
degrees and 90 electrical degrees. See Fig- 
ure 4-28. Reactive power flows through the 
inductor or capacitor when the voltage and 
current are not in the same direction (one 
positive and one negative). 
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Figure 4-28. For circuits with mixed inductive 
and resistive components, the current lags the 
voltage by a value between 0° and 90°. 


Apparent power is the power, in VA or 
KVA, that is the vector sum of true power 
and reactive power. Apparent power is the 
product of the total current and voltage in 
a circuit. A common type of inductive load 
is an inductive motor. Inductive loads have 
the current lagging the voltage. Reactive 
power used to build magnetic fields flows 
back into the source from the inductors and 
capacitors. This opposing power affects the 
power factor of a circuit. 


| Definition 


True power is the power, 
in W or kW, drawn by a 
motor that produces use- 
ful work. 


Reactive power is the 
power, in VAR or kVAR, 
stored and released 

by the magnetic field 
around inductors and 
capacitors. 


Apparent power is the 
power, in VA or kVA, that 
is the vector sum of true 
power and reactive power. 
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Power factor is the 
ratio of true power, in 
W or kW, to apparent 
power, in VA or kVA, in 
a circuit. 


A power factor correc- 
tion capacitor is a ca- 
pacitor used to improve 
a facility’s power factor 
by improving voltage 
levels, increasing system 
capacity, and reducing 
line losses. 


Motor efficiency is the 
ratio of useful work per- 
formed by a motor to the 
energy used by the motor 
to produce the work. 


Power Factor 

Power factor is the ratio of true power, in 
W or kW, to apparent power, in VA or KVA, 
in a circuit. Power factor is sometimes 
called displacement power factor. The 
power factor of an installed 3-phase motor 
is seldom known, but it can be calculated 
as follows: 


_ hpx146 
j Vxixv3xeE 


where 

pf = power factor 
hp = horsepower 
V = voltage, in V 
i= current, in A 
€= efficiency 


For example, a 10-HP, 3-phase motor 
with an efficiency of 90% is connected to a 
480-V supply. The full load current is 12 A. 
The power factor at full load is calculated 
as follows: 


hp x 746 
El = ere apere 
_ 10x746 
Hc 
_ 7460 
~ 8979 
pf = 0.83 


Power Factor Correction 


Utility companies penalize customers with 
low power factors. A low power factor indi- 
cates that the circuit is drawing more current 
than is required by the load. Much of the 
current draw is used to charge the magnetic 
fields around the inductors. The power fac- 
tor can be improved by adding capacitance 
in parallel with the inductance. 

A power factor correction capacitor 
is a capacitor used to improve a facility’s 
power factor by improving voltage levels, 
increasing system capacity, and reducing 
line losses. The capacitor should have the 
same amount of reactance as the inductor to 
cancel out the reactive power of the induc- 
tor. Power factor correction capacitors can 
be placed ahead of an electric motor drive 


in the AC supply lines but not between the 
drive and motor. Power factor correction 
capacitor units with automatic switch- 
ing must not be used unless specifically 
recommended by the manufacturer. See 
Figure 4-29, 


MOTOR EFFICIENCY 


Motor efficiency is the ratio of useful work 
performed by a motor to the energy used 
by the motor to produce the work. Motor 
efficiency is calculated by dividing the out- 
put power by the input power. The output 
power is the rotary mechanical energy of 
the motor. The input power is the electri- 
cal power required to operate the motor. 
Motor efficiency information is typically 
provided by the manufacturer. All motors 
have motor energy losses that reduce motor 
efficiency. 

In general, any motor that is replaced 
during maintenance should be replaced 
by another motor of the same size, unless 
there is evidcnce that the original motor 
was undersized. An oversized motor oper- 
ates less efficiently than a motor that is 
properly sized. 


Motor Energy Losses 


There are always motor energy losses 
that reduce the efficiency of a motor. Any 
energy losses reduce the efficiency of a 
motor because the energy is wasted as heat 
and does not contribute to driving the load. 
Older motors typically operate at less than 
80% efficiency. Newer, high-efficiency 
motors typically operate at more than 90% 
efficiency. The five major components of 
motor energy losses are resistance loss, core 
loss, bearing loss, windage loss, and sound 
loss. These losses add up to the total loss of 
a motor. See Figure 4-30. 


Tech Fact a 


A common cause of a low power factor in 
industrial facilities is underloaded induction 
motors. The power factor of a motor is much 
lower at partial load than at full load. 
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NOTE: 
AUTOMATICALLY SWITCHED POWER 

FACTOR CAPACITORS MUST NOT BE USED 
IN ELECTRIC MOTOR DRIVE CIRCUITS 


Figure 4-29. Power factor correction capacitors can be placed ahead of an electric motor drive 
in the AC supply lines but not between the drive and motor. 


Resistance Loss. Resistance loss is the 
energy loss in a motor due to current flow- 
ing through conductors and coils that have 
resistance. Resistance loss is sometimes 
called copper loss or /’R loss. Resistance 
losses vary, depending on the motor load. 
At low load, the current drawn is small so 
the resistance losses are small. At full load, 
the current drawn is relatively high, so the 
resistance losses are also relatively high. 
Resistance losses are found in the stator 
and the rotor. The loss in the stator due to the 
resistance of the windings is dissipated in the 
form of heat. In the rotor, the current draw 
increases as the load increases. The resistance 
losses increase the temperature of the motor. 


Core Loss. Core loss is the total energy loss 
in the stator and rotor cores due to circulating 
currents and to the magnetic field escaping 
from the core. Core losses are fairly constant 
and depend on the motor design. Core losses 
are generally not dependant on the load, but 
do increase with increasing design voltage. 


Motor Energy Losses 


RESISTANCE 
LOSS 


WINDAGE LOSS 


_ Definition 


Resistance loss is the 
energy loss in a motor 
due to current flowing 
through conductors and 
coils that have resistance. 


Core loss is the total 
energy loss in the stator 
and rotor cores due to 
circulating currents and 
to the magnetic field 
escaping from the core. 


CORE LOSS 


~ BEARING LOSS 


Leeson Electric Co. 


Figure 4-30. The five major components of motor energy losses are resis- 
tance losses, core losses, bearing losses, windage losses, and sound losses. 


These losses add up to the total loss of a motor. 
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An eddy current is 

an undesired current 
circulating in the stator 
and rotor core caused by 
magnetic induction. 


Hysteresis is a loss due 
to the power consumed 
to realign the magnetic 
domains in the iron twice 
every electrical cycle. 


Saturation is the loss 

of magnetic lines of flux 
out of the core when the 
core cannot carry any 
more lines of flux with an 
increase in current. 


Flux-linkage loss is the 
loss of flux in the air gap 
because the air gap has 
increased reluctance 
compared to the cores. 


Bearing loss is any 
energy lost from friction 
between the motor shaft, 
the bearing, and the 
bearing support. 


Windage loss is energy 
lost by blowing air past 
a motor to remove heat. 


Sound loss is energy lost 
in a motor when the mo- 
tor makes noise. 


An eddy current is an undesired cur- 
rent circulating in the stator and rotor core 
caused by magnetic induction. These cur- 
rents can be minimized by manufacturing 
the core with thin sheets of stamped metal. 
The laminations break the potential conduc- 
tive path in the core into smaller sections 
and reduce the loss. In addition, the alloys 
used for the cores usually contain silicon to 
increase the electrical resistance and reduce 
the eddy currents. 

Hysteresis is a loss due to the power 
consumed to realign the magnetic domains 
in the iron twice every electrical cycle. 
Saturation is the loss of magnetic lines 
of flux out of the core when the core can- 
not carry any more lines of fiux with an 
increase in current. Flux-linkage loss is 
the loss of flux in the air gap because the 
air gap has increased reluctance compared 
to the cores. 


Bearing Loss. Bearing loss is any energy 
lost from friction between the motor shaft, 
the bearing, and the bearing support. The 
rotating shaft that supports the rotor is 
suspended in the end bells by the bearings. 


- 


A bearing is a motor component used to 
reduce friction and maintain clearance be- 
tween the stationary parts and the moving 
shaft. Bearing losses are usually small and 
fairly constant regardless of the load. 


Windage Loss. Windage loss is energy lost 
by blowing air past a motor to remove heat. 
Almost all motors require cooling, as losses 
are mostly converted to heat. Blades are often 
designed into the rotor so that air is blown 
across the motor while the rotor is turning. In 
some types of motors, sheet-metal blades are 
stamped out and installed on the rotor shaft, 
with some on the inside of the housing and 
some on the outside with a protective guard 
over the end bell. Moving air in or across 
the stator housing opposes rotation, so this 
process wastes energy and generates more 
heat. Windage losses are usually small and 
fairly constant regardless of the load. 


Sound Loss. Sound loss is energy lost in a 
motor when the motor makes noise. It takes 
energy to produce noise. Therefore, any 
sound produced by a motor is wasted energy. 
However, sound losses are usually small and 
fairly constant regardless of the load. 


Application—Motor Line and 
Motor Wiring Diagrams 


The two types of diagrams used with motor 
circuits are line diagrams and wiring dia- 
grams. A line diagram shows only the control 
circuit. A wiring diagram shows the control 
circuit and the power circuit. 


Motor Line Diagrams 


A motor line diagram shows the operational 
logic of the motor circuit. The motor line 
diagram shows the electric connections be- 
tween the components in the control circuit 
and how the components control the power 
circuit. For example, the diagram shows that 
the start and stop pushbuttons are connected 
by a conductor. When the start pushbutton 
is pressed, the circuit is completed through 
the motor starter. The starter’s auxiliary con- 
tacts are connected in parallel with the start 
pushbutton. The motor starter remains ener- 
gized until the stop pushbutton is pressed, or 
until the overload contacts open. The motor 
line diagram does not show the location of 
the componenis in the circuit. 


MOTOR CONTROL 
C 


MOTOR WIRING DIAGRAM 
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Motor Wiring Diagrams 


A motor wiring diagram shows the actual 
location of each component used in the 
control circuit and power circuit. For ex- 
ample, the diagram shows that the start and 
stop pushbuttons are located in the same 
pushbutton station and the start pushbutton 
is located on top. Motor wiring diagrams 
are useful in troubleshooting because 
they show the layout and connections of 
the components. However, motor wiring 
diagrams can hinder circuit understanding 
because the conductor connections are 
often hard to follow. 
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Application—Voltage and 
Current Unbalance 


Multimeters can be used to measure voltage 
and current unbalance in a 3-phase power 
system by taking readings at each line. 
Three separate measurements of voltage 
and of current must be taken and recorded. 
Unbalance is determined by calculating the 
percentage of difference between the larg- 
est deviation and the average value. 


A 3-phase power quality meter can 
also be used to measure the voltage and 
current unbalance. This is the quickest 
method because the meter is connected 
to each power line with voltage leads 
and current clamps and takes readings 
simultaneously. The meter also makes the 
calculations required to determine unbal- 
ance and displays the result directly. 
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For example, if the voltage readings 
are 471 V, 452 V, and 468 V, the average 
voltage is 463.7 V. The maximum voltage 
difference from the average is 11.7 V 
(463.7 — 452 = 11.7). The voltage unbal- 
ance is 2.5% (11.7 + 63.7 x 100 = 2.5). 
In general, voltage unbalance should be 
1% or less. A motor with a 2.5% voltage 
should be not be operated until the cause 
of the problem is fixed. 


If the current readings are 61.5 A, 54.2 A, 
and 63.4 A, the average current is 59.7 A. 
The maximum current difference from the 
average is 5.5 A (59.7 — 54.2 = 5.5). The 
current unbalance is 9.2% (5.5 + 59.7 x 
100 = 9.2). In general, current unbalance 
should be 10% or less. A motor with a 
9.2% unbalance can be operated, but with 
caution to avoid overheating the motor. 
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* A 3-phase motor transfers energy from electric power to the load through the use of a rotating magnetic field. 

e A stator consists of a core and windings, or coils. The stator is mounted within a housing. 
* The stator core consists of many thin iron sheets laminated together, pressed into a frame, and secured in place. 
* The stator windings consist of coils of copper wire placed in slots 120 electrical degrees apart. 


e A rotor consists of a core and windings, mounted on a shaft, that is allowed to turn to follow the stator rotat- 
ing field. 


* There are 360 electrical degrees in one cycle of a sine wave. There are 360° (mechanical) in one revolution. 


* The synchronous speed of a 60 Hz motor is the calculated by dividing 7200 by the number of poles. For a 
4-pole motor, the synchronous speed is 1800 rpm (7200 + 4 = 1800). 


* The current changes as it goes through the complete cycle and the amount of current flowing in each coil changes 
and the magnetic field around the coil changes. This creates the rotating stator field. 


* The stator windings are factory wired as wye-connected or as delta-connected and cannot be changed in the field. 


* The four most common types of torque related to motors are locked-rotor torque, full-load torque, pull-up 
torque, and breakdown torque. 


* Power factor is the ratio of true power to apparent power. 


e The five types of motor energy losses are resistance losses. core losses, bearing losses, windage losses, and 
sound losses. 


A stator is the fixed, unmoving part of a motor, consisting of a core and windings, or coils, that converts electri- 
cal energy to the energy of a magnetic field. 


A rotoris the rotating, moving part of a motor, consisting of a core and windings, which convert the rotating mag- 
netic field of the stator into the torque that rotates the shaft. 


A salient pole, or projecting pole, is a pole that extends away from the core toward the stator or extends away 
from the stator toward the rotor. 

The motor shaft is a cylindrical bar used to carry the revolving rotor and to transfer power from the motor to 
the load. 

The synchronous speed is the theoretical speed of a motor based on line frequency and the number of poles 
of the motor. 

The rotor frequency is the rate at which the stator magnetic field passes the poles in the rotor. 


A single-voltage motor is a motor that operates at only one voltage level. 


A dual-voltage motor is a motor that operates at more than one voltage level. 
0 aan 


110 MOTORS 


Torque is a turning or twisting force that causes an object to rotate. 

Locked-rotor torque is the torque a motor produces when the rotor is stationary and full power is applied to 
the motor. 

Full-load torque is the torque required to produce the rated power at full speed of the motor. 

Pull-up torque is the accelerating torque required to bring a load up to the correct speed. 

Breakdown torque is the maximum torque a motor can provide without an abrupt reduction in motor speed (stalling). 
A high-inertia load is a load that has a relatively large amount of momentum. 

True power is the power, in W or kW, drawn by a motor that produces useful work. 

Reactive power is the power, in VAR or KVAR, stored and released by the magnetic field around inductors and 
capacitors. 

Apparent power is the power, in VA or kVA, that is the vector sum of true power and reactive power. 

Power factor is the ratio of true power, in W or kW, to apparent power, in VA or kVA, in a circuit. 


A power factor correction capacitor is a capacitor used to improve a facility's power factor by improving voltage 
levels, increasing system capacity, and reducing line losses. 


Motor efficiency is the ratio of useful work performed by a motor to the energy used by the motor to produce 
the work. 


Resistance loss is the energy loss in a motor due to current flowing through conductors and coils that have 
resistance. 


Core loss is the total energy loss in the stator and rotor cores due to circulating currents and to the magnetic field 
escaping from the core. 


An eddy current is an undesired current circulating in the stator and rotor core caused by magnetic induction. 


Hysteresis is a loss due to the power consumed to realign the magnetic domains in the iron twice every electri- 
cal cycle. 


Saturation is the loss of magnetic lines of flux out of the core when the core cannot carry any more lines of flux 
with an increase in current. 


Flux-linkage loss is the loss of flux in the air gap because the air gap has increased reluctance compared to 
the cores. 


Bearing loss is any energy lost from friction between the motor shaft, the bearing, and the bearing support. 
Windage loss is energy lost by blowing air past a motor to remove heat. 


Sound loss is energy lost in a motor when the motor makes noise. 
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1. Explain why the stator uses thin iron sheets laminated together. 

2. Explain why it is necessary to protect the stator windings from damage from movement of the coils. 

3. List and describe the parts of a rotor. 

4. Explain how electrical degrees are different from mechanical degrees. 

5. Demonstrate how to calculate the synchronous speed of a 2-pole motor. 

6. Describe how the stator rotating field is created. 

7. Describe the difference between the wiring connections of a wye-connected and a delta-connected stator. 
8. List and describe four components of motor torque. Sketch a graph showing the components of motor torque. 


9. Define power factor. Demonstrate how to calculate the power factor of a 3-phase, 5-hp, 240-V, 94%-efficiency 
motor that draws a full load current of 12 A. 


10. List and describe the five types of motor energy losses. 
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List and describe the parts of a stator. 

List the parts of an induction motor rotor. 

Describe the shorting ring in a rotor. 

List the different types of squirrel-cage rotors (rotor design codes) and 
explain how their design determines torque. 

e Describe how the induced current in the rotor is converted to torque. 


Industry today depends on the induction motor to meet its needs. The 
typical squirrel-cage rotor is a simple, economical design that greatly 


reduces maintenance on these motors, making the motors very reliable. 
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Lio? 


An induction motor ts 
an electric motor that 
uses the principles of 
mutual induction to 
develop current and 
torque in the rotor. 


INDUCTION MOTOR 
CONSTRUCTION 


An induction motor is an electric motor that 
uses the principles of mutual induction to 
develop current and torque in the rotor. In- 
duction motors consist of a stator and a rotor 
enclosed within a frame. There are no physical 


STATOR WINDINGS 


electrical connections between the stator and 
the rotor. In an induction motor, the rotating 
magnetic field in the stator induces voltage 
in the rotor conducting bars that induces 
an opposing field. See Figure 5-1. Induc- 
tion motors are the most common 3-phase 
motors used in industry today. 


LAMINATIONS 


SHORTING RING 


CONDUCTOR BARS 


Figure 5-1. Induction motors consist of a stator and a rotor enclosed within a frame, with physical electrical connections 
between the stator and the rotor. 
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Stator Constructi 
3 ei W Stator Construction 
The stator is the stationary part of an AC mo- F= -e 


tor. The stator consists of a core and windings, 
or coils, that convert electrical energy to the 
energy of a magnetic field. See Figure 5-2. 
The stator core consists of many thin iron 
sheets laminated together, pressed into a frame, 
and secured in place. The iron sheets are 
electrically separated from each other by an 
insulating coating. The separation reduces the LAMINATED 
cross-sectional area of the core and shortens the Ñ IRON SHEETS 
conduction path for damaging eddy currents. Pe 
The stator windings consist of coils of cop- 
per wire placed in slots 120 electrical degrees 
apart. A 3-phase stator is wound with coils that 
are connected to produce the three separate 
phases, A, B, and C. The motor nameplate 
shows the connections required to give a wye STATOR 
configuration or a delta configuration. WINERIES 


Rotor Construction 


A rotor is the rotating part of an AC motor. 
The rotor consists of a core and windings, 
which convert the rotating magnetic field 
of the stator into the torque that rotates the 
shaft. The rotor is mounted on a shaft that 
is used to transfer the power to the load. The 
rotor core is made of many individual sheets 


of iron. These sheets are usually thicker than D | f STATOR WINDINGS 
i PRODUCE 
the stator sheets. MAGNETIC FIELD 


Rotor Windings. The main difference be- 
tween different types of 3-phase motors is 
the design of the rotors and windings. In an 
induction motor, the field windings are in 
the stator and the rotors are designed to in- 
teract with the rotating stator magnetic field. 
Induction motors all have some method of 
inducing a current in the rotor windings. 

A squirrel-cage rotor is the most common 
design for induction motor rotor design. A 
squirrel-cage rotor is an induction motor ro- 
tor consisting of conductors made from solid 
bars assembled into a cage frame resembling 
a squirrel cage. See Figure 5-3. The bars 
may be made from copper and pressed 
into the slots, or made from aluminum and 
poured into the slots under pressure in a 
die-cast machine. Squirrel-cage rotors are Figure 5-2. The stator consists of a core and windings, or coils, that convert 
usually used with smaller motors. electrical energy to the energy of a magnetic field. 
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Leeson Electric Co. 


SHORTING 
RING 


NOTE: Laminations removed for clarity 


Figure 5-3. A squirrel-cage rotor is an induction motor rotor consisting of conductors made from solid bars assembled into 
a cage frame resembling a squirrel cage. 


Definition _ 


A squirrel-cage rotor is 
an induction motor rotor 
consisting of conductors 
made from solid bars 
assembled into a cage 
frame resembling a squir- 
rel cage. 


The copper or aluminum bars are at- 
tached to a connecting ring on each end of 
the drum. A shorting ring, or conducting 
ring, is a metal ring used to electrically 
connect the bars of a squirrel-cage rotor at 
the end of the cage frame. The shorting ring 
provides a short-circuit path for the current 
to circulate within the rotor. 


In many motor styles, the shorting 
rings contain fan blades that move the air 
through the motor for cooling. The fan 
blades are also used for balancing the rotor. 
At the heaviest point at each end, material 
is added or removed to balance the rotor. 
Perfect balance is essential to prevent 
premature bearing failure. 


NEMA Design Code Letters. There are 
several different standard rotor designs for 
an induction motor that deliver different 
starting torques and starting currents. See 
Figure 5-4. The rotor design code is identi- 
fied on the nameplate. Motor Design A is 
a design with normal starting torque and 
normal starting current. The bars (squirrel 
cage) are placed near the surface of the rotor 
and have low reactance. The low reactance 
allows for large current to flow through the 
bars and a large torque to be developed. The 
locked-rotor current is about 500% to 1000% 
of full-load current. 

Motor Design B is a fairly common design 
with normal starting torque and low starting 
current. This type of design is often used with 
larger motors that require torque similar to that 
of Design A, with lower currents. The bars 
are narrow and are placed deep in the iron, 
which increases the reactance and lowers the 
current, while maintaining normal starting 
torque. Design B motors are designed for 
a broad variety of applications, such as in 
HVAC applications providing power for fans 


NEMA Design Code Letters 


Locked-Rotor 
Torque (% 


Large 
HP 


Breakdown 
Torque (%) 
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and blowers and in industrial applications 
providing power for pumps. 

Motor Design C has high starting 
torque and low starting current. The ro- 
tor has two conductor bars in each slot, 
with one above the other. The top bar is 
a high-resistance conductor, while the 
bottom bar is a high-reactance conductor. 
This arrangement forces the top bar to 
carry most of the current during starting. 
Design C motors are suitable for equip- 
ment with high-inertia starts, such as 
positive-displacement pumps and heavily 
loaded conveyors. 

Motor Design D has high starting 
torque, high slip, and low starting current. 
The bars in the rotor have high resistance, 
are large, and are placed deep in the iron. 
Design D motors have high slip because of 
the relatively low starting current. Because 
of the high resistance and high slip, De- 
sign D motors are less efficient than other 
designs. Design D motors are suitable for 
equipment with very-high-inertia starts, 
such as cranes and hoists. 


Locked-Rotor 
Current (%) 


NARROW BARS 
DEEP IN CORE 


BARS 
NEAR SURFACE 


DESIGN A 


DESIGN B 


_ Definition 


A shorting ring, or con- 
ducting ring, is a metal 
ring used to electrically 
connect the bars of a 
squirrel-cage rotor at the 
end of the cage frame. 


Efficiency 


MEDIUM OR HIGH | 
MEDIUM OR HIGH 
MEDIUM 


| 


MEDIUM 


LARGE BARS 
DEEP IN CORE 


HIGH-RESISTANCE 


BAR BAR 


DESIGN C 


Figure 5-4. Different standard rotor designs are used for different applications. 
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DESIGN D 
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OPERATING PRINCIPLES 


An induction motor is very similar to a trans- 
former, but with a rotating secondary. The 
primary winding in the stator-is connected to 
the AC power source. As with a transformer, 
induction motors all use the principles of 
mutual induction to induce a current in the 
secondary. The shorted secondary in the rotor 
carries the induced secondary current. The 
induced secondary current interacts with the 
magnetic field and generates the torque that 
turns the rotor and shaft. 


Slip and Torque 


Current flows through the stator windings 
and generates the moving magnetic field. 
Mutual induction requires the presence of 
a magnetic field and relative movement of 
a conductor within that field. The relative 
movement of the conductor within the field 
happens because the stator magnetic field 
is rotating and the rotor is moving at a dif- 
ferent speed. If the rotor were to be rotating 
at the same speed as the stator magnetic 
field, there would be no relative movement 
and no induced current. The rotor always 
rotates at exactly the correct speed to induce 
the current required to develop the torque 
necessary to drive the load. 

At startup, the magnetic field in the stator 
interacts with the stationary conductor bars 
in the rotor windings and induces a current. 
In half the conductor bars, the current flows 
in one direction. See Figure 5-5. In the 
other half of the conductor bars, the current 
flows in the opposite direction. 


The left-hand conductor rule describes 
the orientation of the magnetic field around 
the conductors. With the thumb of the left 
hand pointing in the direction of the current 
‘flow, the fingers wrap around the conductor 
in the direction of the magnetic field. 

Current flowing through the conducting 
bars in the rotor creates a magnetic field 
around the bars. When the current in adja- 
cent bars flows in the same direction, the 
magnetic fields around the bars combine 
into a larger field that determines the loca- 
tion of the poles. In effect, the magnetic 
fields around the individual conductors 
combine to create two separate magnetic 
fields aligned in opposite directions. The 
left-hand coil rule describes the polarity of 
the magnetic poles created by the magnetic 
field. With the fingers wrapped in the direc- 
tion of the magnetic field, the thumb points 
in the direction of the north pole. The south 
pole is opposite the north pole. 

The combined magnetic field and the 
current flow interact to create the torque. 
The direction of the torque can be deter- 
mined with the right-hand motor rule. Ac- 
cording to the right-hand motor rule, the 
direction of the torque can be determined 
from the direction of the magnetic field and 
the direction of current flow. The direction 
of the magnetic field is from the north pole 
to the south pole. With the index finger 
of the right hand pointing from the north 
pole toward the south pole and the second 
finger pointing in the direction of the cur- 
rent flow, the thumb points in the direction 
of the torque. 
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NOTE: Ill i 
INDUCED CURRENT E: Illustration shows 


single-phase current 
for clarity. 
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NOTE: Illustration shows 
one combined field 
for clarity. 


TORQUE 
DIRECTION 


oi +N MAGNETIC 


FIELD 
DIRECTION 


E DIRECTION 0 >a 
TORES SS J4 MAGNETIC 


FIELD 
DIRECTION 


TORQUE 


Figure 5-5. The stator magnetic field induces current in the rotor. The current creates a mag- 
netic field and poles within the rotor. 
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Application — induction Motors 


Application — Troubleshooting 
3-Phase Motors 


The extent of troubleshooting of a 3-phase 2: 


motor depends on the motor application. lf a 
motor is used in an application thatis critical 
to an operation or production, a common 


initial test is checking the voltage atthe mo- 3. 


tor or drive. The motor is assumed to be the 4 
problem if the voltage is present and correct. 
Unless it is very large, the motor is normally 
replaced at this time so production may con- 
tinue. Further tests may be made to deter- 
mine the exact problem if time is nota critical 
factor. All applicable safety procedures must 
be followed. To troubleshoot a 3-phase mo- 
tor, apply the following procedure: 


1. Measure the voltage at the motor termi- 6. 


nals using a DMM set to measure voltage. 
If the voltage is present and at the correct 
level on all three phases, the motor must 
be checked. If the voltage is not correct 


Sea ee 


on all three phases, the incoming power 
supply must be checked. 

Turn the handle of the safety switch or 
combination starter OFF if voltage is pres- 
ent but the motor is not operating. Lock 
out and tag out the starting mechanism. 


Disconnect the motor from the load. 


. Turn power ON and try restarting the mo- 


tor. If the motor starts, there is a problem 
with the load. Check for an overload, frozen 
bearings, locked gearbox, or other prob- 
lems that keep the load from moving. 


. If the motor does not start, there is a 


problem with the motor. Turn the motor 
OFF and lock out the power. 


Check the motor windings for any opens 
or shorts by using a DMM set to mea- 
sure resistance. Each coil must have a 
resistance reading. There is resistance 
on a good coil winding. However, the re- 


©) TURN OFF 
AND LOCK 
OUT POWER 


OUT POWER 


Ay MEASURE VOLTAGE AT MOTOR TERMINALS 
iF WITHIN 10% OF RATED VALUE, VOLTAGE 
IS CORRECT, IF NOT WITHIN 10% OF RATED 
VALUE, VOLTAGE IS INCORRECT 


©) DISCONNECT 
LOAD 
ÈD) TURN POWER 
"ON AND TRY 
STARTING 


(>) CHECK FOR OPEN N 
Oc: SHORTED WINDING LSE N 


IF ZERO, COIL 1S SHORTED 
IF INFINITY, COIL IS OPEN 


DUAL-VOLTAGE, 
DELTA-CONNECTED MOTOR 


DUAL-VOLTAGE, 
WYE-CONNECTED MOTOR 


sistance is low because the coil winding 
is made of wire only. The coil is shorted 
when the reading is zero. The coil is open 
when the reading is infinity. 


After the resistance of one coil has been 
found, the basic laws of series and parallel 
circuits are applied. When measuring the 
resistance of two coils in series, the total 
resistance is twice the resistance of one 
coil. When measuring the resistance of 
two coils in parallel, the total resistance is 
one half the resistance of one coil. If the 
coil resistance readings are all correct, the 
control circuit should be checked. 


Troubleshooting Motor Control 
Circuits 


When troubleshooting a control circuit, 
approximate meter readings should be an- 
ticipated before a meter is connected into 
a circuit if the meter readings are going to 
have meaning and help determine circuit 


CHECK FUSE O 
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problems. To troubleshoot a motor control 

circuit, apply the following procedure: 

1. Measure the voltage at the control trans- 
former primary to verify there is power in 
the high-voltage power circuit. 


2. If there is no voltage present at the control 
transformer primary, there is no power in the 
power circuit. Turn off and lock out power at 
the disconnect. Check the fuses or circuit 
breakers in the main disconnect. 

3. If the voltage reading at the control trans- 
former primary is correct, check the voltage 
at the transformer secondary side. 

4. If the voltage reading at the control trans- 
former secondary is not correct, check 
the fuses or circuit breaker on the control 
transformer. 

5. If the fuses or circuit breaker on the con- 
trol transformer are operating properly, 
replace the transformer. 


TO 460-V HIGH-VOLTAGE 
POWER SOURCE 


©) CHECK FUSES 


AT PRIMARY 


AT SECONDARY 


= wO MEASURE VOLTAGE 


MEASURE VOLTAGE 
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e The stator consists of a core and windings, or coils, that convert electrical energy to the energy of a magnetic 
field. 
bi 
e The stator core consists of many thin iron sheets laminated together, pressed into a frame, and secured in place. 
The iron sheets are electrically separated from each other by an insulating coating. 


e The stator windings consist of coils of copper wire placed in slots 120 electrical degrees apart. 


e The rotor consists of a core and windings, which convert the rotating magnetic field of the stator into the torque 
that rotates the shaft. The rotor is mounted on a shaft that is used to transfer the power to the load. 

¢ A shorting ring, or conducting ring, is a metal ring used to electrically connect the bars of a squirrel-cage rotor 
at the end of the cage frame. The shorting ring provides a short-circuit path for the current to circulate within 
the rotor. 


e With Motor Design A, the bars are placed near the surface of the rotor and have low reactance. The low reactance 
allows for large current to flow through the bars and a large torque to be developed. 


e With Motor Design B, the bars are narrow and are placed deep in the iron, which increases the reactance and 
lowers the current, while maintaining normal starting torque. 


e With Motor Design C, the rotor has two conductor bars in each slot, with one above the other. The top bar is a 
high-resistance conductor that carries most of the current during starting. 


e With Motor Design D, high-resistance bars are placed deep in the iron, creating low starting current. 


e Current flowing through the conducting bars in the rotor creates a magnetic field around the bars. When the 
current in adjacent bars flows in the same direction, the magnetic fields around the bars combine into a larger 
field that determines the location of the poles. 


e The magnetic field and the current flow interact to create the torque. The direction of the torque can be deter- 
mined with the right-hand motor rule. 


An induction motor is an electric motor that uses the principles of mutual induction to develop current and torque 
in the rotor. 


A squirrel-cage rotor is an induction motor rotor consisting of conductors made from solid bars assembled into 
a cage frame resembling a squirrel cage. 


A shorting ring, or conducting ring, is a metal ring used to electrically connect the bars of a squirrel-cage rotor 
at the end of the cage frame. 


5 SS SS SSS SS 


Chapter 5—Induction Motors 123 
Preview Eee 
1. List the parts of the stator. 
2. Describe the parts of a stator. 
3. List the parts of an induction motor rotor. 
4. Explain the function of the shorting ring in a rotor. 
5. Summarize how the different types of squirrel-cage rotors create different currents and torque. 


6. Explain how torque is developed in an induction motor. 


Refer to the CD-ROM 
for Quick Quiz? questions 
related to chapter content. 
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OBJECTIVES 


* Describe the differences between the rotors of a wound-rotor motor and a 
squirrel-cage induction motor. 

e Explain why resistance is included in the rotor circuit during startup. 

* Demonstrate how resistance in the rotor circuit is used to control motor 
speed. 

e Describe the difference between a starter and a regulator for a 
wound-rotor motor. 


‘Wound-rotor motors were one of the first types of motors to allov 


speed operation. In addition, the torque can be varied while the motar f is 
operating at full line voltage. Wound-rotor motors are often used for 
conveyors, large grinders, crushers, fans, pumps, elevators, and bridge 
cranes. They are fairly simple to operate and do not require sophisticated 


h control equipment. However, the cost of the motor itself is higher, along 
with higher maintenance costs, because of the addition of slip rings and an 
external- f etor circuit to the design. 
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‘Definition 


A wound-rotor motor is 
an induction motor with 
the squirrel-cage conduc- 
tor bars replaced with 
coils of wire, and with 
added slip rings, brushes, 
and a resistor circuit. 


Wound-Rotor Motor Constru 


VW/OUND-ROTOR MOTOR 
CONSTRUCTION 


A wound-rotor motor is an induction mo- 
tor with the squirrel-cage conductor bars 
replaced with coils of wire, and with added 
slip rings, brushes, and a resistor circuit. 
Wound-rotor motors are especially useful 
because they are able to deliver high starting 
torque without overloading the electrical 
supply system. 


STATOR WINDINGS 


ROTOR WINDINGS 


Stator Construction 


The stator of a wound-rotor motor is the same 
as the stator of a squirrel-cage induction mo- 
tor. See Figure 6-1. The windings are placed 
` in the slots in the stator 120 electrical degrees 
apart. The windings can be wound in either a 
wye or a delta configuration and can be either 
single or dual voltage. They are brought out of 
the motor and are marked T1 through T9. The 
terminals are connected to the motor starter. 


SLIP RINGS 


Figure 6-1. The stator of a wound-rotor motor is the same as the stator of a squirrel-cage induction motor. 


Rotor Construction 


The rotor of a wound-rotor motor is made 
from laminations stacked together in the 
same manner as the rotor of a squirrel- 
cage induction motor, with an oxide or 
varnish coating between each lamination. 
See Figure 6-2. However, the rotor of 
a wound-rotor motor is constructed by 
placing insulated coils of wire in the slots 
instead of the solid conductor bars used 
in the squirrel-cage induction motor. A 
wound-rotor motor can be distinguished 
from a squirrel-cage induction motor by the 
presence of the coils of wire in the winding 
slots instead of the solid conductor bars, by 
the presence of the three slip rings on the 
shaft, and by the presence of an external 
resistance bank. 


Rotor Windings. The rotor windings of 
a wound-rotor motor consist of coils of 
insulated copper conductor placed into 
the slots in the rotor. The windings are 
placed in slots 120 electrical degrees apart. 
The rotor is wound so that it has the same 
number of poles as the stator. 

With a squirrel-cage induction motor, 
the rotor windings are short-circuited by 
the shorting ring. Wound-rotor stators are 
wound just as the stator, either wye or 
delta. The leads are connected to the slip 
rings. See Figure 6-3. This allows the ro- 
tor windings to be connected through the 
brushes to the external wye-connected 
resistance. The rotor windings are marked 
M1, M2, and M3. 

The NEC® requires overload protection 
for most circuits. In the case of a wound- 
rotor motor, the secondary circuit is consid- 
ered protected against overcurrent by the 
motor overload protection means. 


Resistance is opposition to the flow of cur- 
rent and is measured in ohms (Q). External 
resistors are used to limit the amount of cur- 
rent while starting a wound-rotor motor. Re- 
sistors must be sized properly to withstand 
the voltage and to be able to dissipate the 
heat generated during starting. 
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Figure 6-2. The rotor of a wound-rotor motor 
is constructed by placing insulated coils of wire 
in the slots, instead of the solid conductor bars 
used in the squirrel-cage induction motor. 


Wye-Wound Rotors 


EXTERNAL RESISTORS 
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WYE-WOUND ROTOR 


Figure 6-3. Wound-rotor stator windings are wye connected, with the free 


end of each winding connected to a slip ring. 
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Definition 


A slip ring is a metallic 
ring mounted on a motor 
shaft and electrically 
insulated from the shaft. 


A brush is a sliding con- 
tact that rides against a 
rotating component to 
provide a connection to 
a Stationary circuit. 


A brush rigging is the 
entire assembly of the 
brush, brush holder, in- 
sulators, and any wiring 
included in the assembly. 


A pigtail is an extended, 
flexible connection or a 
braided copper conductor. 


Slip Rings and Brushes. A slip ring is a 
metallic ring mounted on a motor shaft and 
electrically insulated from the shaft. A brush 


is a sliding contact that rides against a rotat- 


ing component to provide a connection to a 
stationary circuit. A wound-rotor motor has 
three slip rings mounted on the shaft. Brush- 
es are used with the slip rings to connect the 
rotor to an external set of resistors. 

A brush is held in a brush holder and is 
free to move up and down in the holder. See 
Figure 6-4. A brush rigging is the entire as- 
sembly of the brush, brush holder, insulators, 
and any wiring included in the assembly. 
This allows the brush to follow irregularities 
in the surface of the slip ring. Brush holders 
are mounted on the motor frame, but they 
are electrically insulated from it. A spring 
placed behind a brush forces the brush to 
make contact with the slip ring. The spring 
pressure is usually adjustable. A pigtail 
connects the brush to the power supply. A 
pigtail is an extended, flexible connection 
or a braided copper conductor. 


Brushes 


Brushes must have good conductivity 
and be soft enough not to damage the slip 
ring. Brush material is typically composed 
of a mixture of carbon and graphite for 
high-voltage machines and of graphite and 
metallic powder for low-voltage machines. 
The graphite in the brushes provides lubri- 
cation. No other lubrication should be used 
since it may cause electrical problems and 
equipment damage. 

Brushes can usually be worn down to a 
fraction of their length before they need to 
be replaced. Because brushes wear down, 
constant pressure is applied with an adjust- 
able tension spring so that the brushes can 
maintain contact with the slip rings. 


Resistors. Brushes are used on the slip 
rings to connect the rotor to an external 
set of resistors. The resistors are often 
referred to as secondary resistors, because 
the rotor is the secondary of the motor. The 
resistors are switched to add or subtract 
the resistance from the rotor circuit. See 
Figure 6-5. 


ADJUSTABLE TENSION SPRING 


SLIP RING 


Figure 6-4. A brush is held in a brush holder and is free to move up and down in the holder. 
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The resistance may be in the form of a 
resistor wire or cast iron resistor grids, or 
as electrolytic liquid with metallic elec- 
trodes. The resistor usually requires tapping 
the wire, continuously or in steps, with a 
rheostat. Cast iron grids can be switched 
in and out of the circuit with contactors. 
Electrolytic resistors contain a conductive 
electrolyte solution. These resistors have a 
large thermal mass to absorb the heat gen- 
erated during starting, but are seldom used 
anymore because other types of resistors are 
available that can dissipate the heat. 

The external resistor circuit carries the 
entire rotor current. This is very helpful in 
troubleshooting a wound-rotor motor. The 
current can be easily measured with an am- 
meter and differences between the resistor 
circuits can be detected. Any differences in 


current in the different phases eanyindicate tourer em cleaners cals o vire iar tre olor conductors and uses (hres 
a problem with the resistor bank. slip rings. 
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Figure 6-5. The resistors are switched to add or subtract the resistance from the rotor circuit. 
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The resistors are used to keep the cur- 
rent and voltage in phase as the frequency 
varies. The secondary resistors are con- 
nected through the slip rings and brushes 
to the terminals M1, M2, and M3. The M1 
connection is the outside slip ring, the M2 
connection is the middle slip ring, and the 
M3 connection is close to the motor wind- 
ings. See Figure 6-6. 


Resistor Connections 


Figure 6-6. The secondary resistors are con- 
nected through the slip rings and brushes to 
the terminals M1, M2, and M3. 


OPERATING PRINCIPLES 


As with a squirrel-cage induction motor, 
three-phase power is applied to the stator 
through the three motor leads, T1, T2, and 
T3. This establishes the rotating field in the 
stator. The coils in the rotor have current 
induced in them in a similar manner to a 
squirrel-cage induction motor. 

A wound-rotor motor is normally 
started with full resistance in the circuit. As 
the motor accelerates, resistance is gradu- 
ally switched out of the circuit. Resistance 
can be switched out either manually or 
automatically. When the motor reaches 
full speed, all the resistance is switched 
out and the rotor windings are shorted. 
The rotor windings themselves have only 
slightly more resistance than the bars in 
a squirrel-cage rotor. This low resistance 


results in the same basic characteristics as 
a 3-phase squirrel-cage induction motor, 
but with slightly more slip and slightly 
lower efficiency. 


Starting and Torque 


The maximum torque is produced when 
the maximum resistance is connected to 
the rotor and the induced frequency is at 
its highest. A high-resistance rotor develops 
a high starting torque at low starting cur- 
rent. To gain the maximum starting torque, 
the motor is started with maximum rotor 
resistance. The resistance is reduced as the 
motor accelerates in order to shift the point 
of maximum torque. See Figure 6-7. 

Curve | shows the starting torque when 
no resistance is applied to the rotor circuit. 
When no resistance is applied, the motor has 
the same basic starting torque characteristics 
as an induction motor. The starting torque is 
about 125% of the full-load torque (FLT). 

Curve 2 shows the starting torque when 
maximum resistance is applied to the ro- 
tor. When maximum resistance is applied, 
the motor’s starting torque is almost equal 
to the motor’s breakdown torque (BDT), 
or about 200%. This is used for starting a 
wound-rotor motor. 

Curve 3 shows the starting torque when 
medium resistance is applied to the rotor. 
When medium resistance is applied, the 
motor has less starting torque than at maxi- 
mum resistance, but has a higher torque at 
approximately 15% to 30% of full speed. 
The resistance is changed during startup to 
keep the maximum torque near the actual 
operating speed throughout the accelera- 
tion period. 

Once the motor starts, the speed of the 
rotor increases and the induced frequency 
decreases, decreasing the induction and 
induced current in the rotor. The torque 
also decreases as the induced current de- 
creases. As the torque decreases toward 
the minimum torque needed, some of 
the resistance can be removed from the 
circuit. This can be done manually with a 
rheostat or automatically with a controller 
and contactors. 
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Figure 6-7. Resistance is reduced as the motor accelerates in order to shift the point of maxi- 


mum torque. 


When resistance is switched out of the 
circuit, the current increases. This increases 
the torque and allows the motor to continue 
to accelerate. This can continue in steps, with 
the number of steps depending on the motor 
design. For each step, the motor accelerates, 
the current decreases, and more resistance is 
removed, until the motor is at full-load speed. 
At this point, there is no resistance, except for 
the small amount in the coil conductors, and 
the motor operates in a manner similar to a 
standard squirrel-cage induction motor. 


Speed Control 


Adding resistance improves the starting 
torque of a wound-rotor motor at low speeds. 
However, there is an opposite effect at op- 
erating speeds. The resistors that were con- 
nected to the rotor can be used to reduce the 
speed of the motor. Increasing the resistance 
of the rotor while it is running reduces the 
current in the rotor windings and reduces the 
speed of the motor. When the speed of the 
rotor is reduced, the slip increases and more 
current is induced into the windings of the 
rotor. This increases the torque and allows 
the motor to operate at a lower speed and 
still drive the connected load. 


When resistors are used for speed control, 
they are continuously in the rotor circuit. 
However, resistors must not be used con- 
tinuously unless specifically designed for the 
purpose. Resistors designed for starting are 
able to dissipate the heat generated during 
the short time required for starting the motor, 
but cannot survive the heat generated during 
continuous operation. Power resistors that 
are able to dissipate large quantities of heat 
are required. 

When the motor operates at a lower speed, 
the increased current causes a higher tempera- 
ture in the motor. Since the motor is operating 
at a lower speed, normal ventilation is also 
reduced. Therefore, the speed of the motor is 
usually reduced no more than 50%. 


Starters 


A wound-rotor motor starter is a device con- 
taining low-wattage resistors that is designed 
to provide rotor circuit resistance during startup 
and remove that resistance when the motor is 
up to speed. The resistors used in a wound- 
rotor motor starter are only able to dissipate 
small amounts of heat and therefore can only 
be used during starting. They cannot be used 
continuously to control the motor speed. 


| Definition 


A wound-rotor mo- 

tor starter is a device 
containing low-wattage 
resistors that is designed 
to provide rotor circuit 
resistance during startup 
and remove that resis- 
tance when the motor is 
up to speed. 
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Definition. 


A wound-rotor motor 
regulator is a device 
containing high-wattage 
resistors that is designed 
to control the speed of 

a wound-rotor motor 
and operate in variable- 
speed mode for as long 
as needed. 


A drum switch is a 
rotating control device 
used to switch resistors 
in or out of a wound-ro- 
tor circuit. 


A three-pole rheostat 

is a switch with tapped 
resistors used to switch a 
set of resistors in or out 
of a wound-rotor circuit. 


A silicon-controlled 
rectifier (SCR) is a 
solid-state device used to 
switch a set of resistors 
in or out of a wound-ro- 
tor circuit. 


Starters usually have one or more timers 
used to automatically remove resistance from 
the rotor circuit. See Figure 6-8. When the 
start button is pressed, the P coil is energized 
and one P contact latches in the start circuit. 
Three other P contacts are closed and the 
stator is placed across the line via L1, L2, 
and L3. The rotor current flows through all 
the resistors in the rotor circuit. 

The timing contact on the P contactor 
reaches its preset and closes, energizing 
contactor S1, and closes three contacts. One 
contact latches in contactor S1. The other 
two contacts are in the rotor circuit and 
shunt a portion of the resistor grid. Because 
some of the resistors in the rotor circuit are 
shunted, the resistance in the rotor circuit is 
decreased and the rotor current is increased. 
This increases the pole strength and reduces 
the slip, accelerating the rotor. 

Contactor S] also contains a timing 
contact. When the timing contact on the 
S1 contactor reaches its preset and closes, 
it energizes contactor S2, closing three con- 
tacts and opening one contact. One contact 
latches in contactor S2. One contact opens 
to remove contactor S2 from the circuit. 
These contacts ensure that contactor S2 is 
latched in before contactor S1 is removed 
from the circuit. The other two contacts 
shunt the remaining resistors. 


Regulators 


A wound-rotor motor regulator is a device 
containing high-wattage resistors that is 
designed to control the speed of a wound- 
rotor motor and operate in variable-speed 
mode for as long as needed. During startup, 
a regulator works the same as a Starter. 
During normal operation, the high-wattage 
resistors in a regulator allow the resistors 
to remain continuously in the rotor circuit. 
Three common types of regulators are drum 
switches, three-pole rheostats, and silicon- 
controlled rectifiers. 


Drum Switches. A drum switch is a rotat- 
ing control device used to switch resistors 
in or out of a wound-rotor circuit. See Fig- 
ure 6-9. A drum switch may have contacts 
large enough to directly switch the rotor 
current or it may have smaller contacts to 
pull in contactors that shunt the resistors 
and create a path for the rotor current. A 
drum switch often contains a microswitch 
to pull in the stator contactor. 

A drum switch typically does not have 
low-voltage protection. If the power is 
lost, the drum switch restarts in the same 
position in which it was left when the 
power failed. This lack of protection is 
generally not a problem because this type 
of wound-rotor motor usually has an op- 
erator at the controls. 
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Figure 6-9. A drum switch is a rotating contro! 


Figure 6-8. Starters usually have one or more timers used to automatically device used to switch resistors in or out of a 
remove resistance from the rotor circuit. 


wound-rotor circuit. 


Three-Pole Rheostats. A three-pole rheo- 
stat is a switch with tapped resistors used to 
switch a Set of resistors in or out of a wound- 
rotor circuit. It can be manually controlled 
or motor driven. A rheostat uses a three-wire 
control circuit to start the wound-rotor motor. 
The system should have an interlock to en- 
sure that the rheostat is in the full resistance 
position when started. See Figure 6-10. 
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Silicon-Controlled Rectifiers. A silicon- 
controlled rectifier (SCR) is a solid-state 
device used to switch a set of resistors in 
or out of a wound-rotor circuit. SCRs are 
rarely used with wound-rotor motors, and 
then only in applications that require con- 
tinuous speed variations. This system uses 
feedback to regulate the speed and can keep 
the speed constant. It also has the three-wire 
system to start the wound-rotor motor. 


RHEOSTAT 


Figure 6-10. A rheostat uses a three-wire control circuit to start the wound-rotor motor. 


Reactance and Phase Angle 


With a squirrel-cage induction motor, the 
rotor conductor bars are shorted together 
and have very low resistance. This makes 
the reactance large relative to the resis- 
tance at startup and creates a reactive 
circuit. For a reactive circuit, there is a 
90° phase angle between the voltage and 
current in the rotor. Since the voltage in 
the rotor is already 90° out of phase with 
the stator, the rotor current is 180° out of 
phase with the stator current. Since the 
stator and rotor currents are 180° out of 
phase, the stator and rotor poles are also 
180° out of phase. The stator and rotor 
poles are far apart and the force between 
them is relatively weaker than if the poles 
were closer together. 


A wound-rotor motor has resistance 
added to the rotor circuit during startup. 
This makes the rotor circuit resistive in- 
stead of reactive. For a resistive circuit, 
the voltage and current are in phase. This 
| means that the rotor current is only 90° out 
of phase with the stator current. 


This places the stator and rotor poles 
closer together than in a squirrel-cage 
motor, increasing the force between 
them. When a wound-rotor motor is op- 
erating at full speed and the resistance 
is removed from the rotor circuit, the 
rotor circuit becomes reactive instead 
of resistive. 


The rotor winding of a wound-rotor 
motor has multiple conductors, so it has 
more inductance than a similar squir- 
rel-cage rotor. Because of the higher 
inductance, the reactance is higher and 
the current is lower than in a squirrel- 
cage motor. This lower current means 
that it would be very difficult to start a 
wound-rotor motor without the resistance 
in the circuit. 


With a wound-rotor motor, the resis- 
tors in the rotor circuit make the circuit 
resistive instead of reactive and the 
power factor improves. This reduces the 
starting current. 
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Application—Wound-Rator Moters 


Application—Crane and 
Elevator Operation 

A wound-rotor motor can easily be used 
to operate a crane or elevator. As the load 
leaves the ground, maximum resistance is 
inserted in the rotor circuit to ensure there 
is enough torque to move the load. As the 
load begins to accelerate, some of the re- 
sistance is removed from the rotor circuit. 
As the load approaches the required height, 
the resistance is reinserted, slowing the 
load and allowing it to stop. The sequence 
is reversed to lower a load. 


In order to implement this scenario, the 
shunt contactors are open when the stator 
is placed across the line. This creates a 
circuit with maximum resistance in series 
with the rotor windings. This provides very 
strong torque, but at a slow speed. 


The shunt contactors close, removing 
the resistance from the rotor circuit, and 


the motor accelerates to the speed allowed 
by the load. As the load approaches the 
desired height, the resistance is inserted 
back into the rotor circuit. This decreases 
the current in the rotor and reduces the 
interaction between the rotor and the 
stator, slowing the rotor. The slower rotor 
sees an increase in frequency and torque 
as the result. The slow speed at high slip 
allows the load to approach the required 
height at a speed slow enough to stop at 
the proper position. At this position, the 
stator is removed from the line and the 
motor stops. 


Speed regulation in the high-slip 
condition is poor because much of the 
power consumed in the resistive rotor 
circuit is wasted as heat and dissipated 
by the resistor network. The acceleration 
is very different for a light load than a 
heavy load. 
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Application—Current-Control 
Resistance Switching 


There are many applications where a 
wound-rotor motor must be started up while 
keeping the torque within a limited range. For 
example, a large rock crusher has a heavy 
breaker bar or grinding teeth. Because the 
load has a lot of inertia and starts slowly, the 
starting current can overload the electrical 
supply system. In order to manage the load 
on the electrical supply system, the torque 
must be kept between 100% and 150% of 
full-load torque (FLT) during startup. In this 
case, a series of contactors are used in the 
starting circuit to switch the resistors. 


A current transformer is used to monitor 
the rotor current flow through the external 
circuit. During startup, the brushes pick 
up the current from the slip rings and 
send it to the resistor. The resistors are 
used to limit the rotor current and control 
the torque. The resistor bank must be 
carefully designed as part of the control 
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system to keep the torque within the de- 
sired range. 


As the rotor begins to speed up, the 
current and torque decrease. The current 
is monitored through the current trans- 
former. When the current decreases fo 
the point where the torque has decreased 
from 150% to 100%, the motor controller 
switches out resistors labeled D by closing 
contactor S1 to short that section of the 
resistor bank. This reduces the resistance 
and allows more to current to flow, and the 
torque jumps back up to 150% of FLT. 


This type of control can be used fo re- 
duce the problems caused by an overload 
situation. If the crusher gets overloaded, 
the measured current can be used to 
activate a switch to place some of the 
resistance back into the rotor circuit and 
decrease the current. This signal can also 
be used to turn off a conveyor feeding the 
crusher to allow the system to clear out 
any jams. 
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The stator of a wound-rotor motor is the same as the stator of a standard squirrel-cage induction motor. 


The rotor windings of a wound-rotor motor consist of coils of insulated copper conductor placed into the slots 
in the rotor. 


Slip rings and brushes are used to make an electrical connection between the moving rotor and the stationary 
external resistor circuit. 


Wound-rotor motors use external resistors in the rotor circuit. 
Resistance in the rotor circuit limits the starting current. 
The phase angle in the rotor is the primary reason a wound-rotor motor has a large torque with low stator current. 


As the rotor starts turning during startup, rotor frequency and the current decrease. 


As the current decreases during startup, resistance can be switched out of the circuit to increase the current and 
torque. 


Increasing the resistance while the motor is running decreases the current. The rotor slows to increase the in- 
duced current. This allows the motor speed to be controlled. 


A wound-rotor motor starter contains low-wattage resistors and should only be used during startup. The resis- 
tors must be removed from the rotor circuit after the motor is up to speed. 


A wound-rotor motor regulator contains high-wattage resistors and is used for starting and speed control. The 
resistors can remain in the rotor circuit continuously to allow for speed control. 


Three types of wound-rotor motor regulators are drum switches, three-pole rheostats, and silicon-controlled 
rectifiers. 
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A wound-rotor motor is an induction motor with the squirrel-cage conductor bars replaced with coils of wire, and 
with added slip rings, brushes, and a resistor circuit. 


A slip ring is a metallic ring mounted on a motor shaft and electrically insulated from the shaft. 
A brush is a sliding contact that rides against a rotating component to provide a connection to a stationary circuit. 


A brush rigging is the entire assembly of the brush, brush holder, insulators, and any wiring included in the 
assembly. 


A pigtail is an extended, flexible connection or a braided copper conductor. 


A wound-rotor motor starter is a device containing low-wattage resistors that is designed to provide rotor circuit 
resistance during startup and remove that resistance when the motor is up to speed. 


A wound-rotor motor regulator is a device containing high-wattage resistors that is designed to control the speed 
of a wound-rotor motor and operate in variable-speed mode for as long as needed. 


A drum switch is a rotating control device used to switch resistors in or out of a wound-rotor circuit. 


A three-pole rheostat is a switch with tapped resistors used to switch a set of resistors in or out of a wound-rotor 
circuit. 


A silicon-controlled rectifier (SCR) is a solid-state device used to switch a set of resistors in or out of a wound- 
rotor circuit. 


1. Explain how to tell the difference between a wound-rotor motor and a squirrel-cage induction motor. 
2. Explain why resistors are included in the rotor circuit during startup of a wound-rotor motor. 


3. Describe what happens when resistors are switched out of the rotor circuit during startup of a wound-rotor 
motor. 


4. Describe how changing the resistance in the rotor circuit changes the motor speed while running at nominal 
speed. 


5. Describe the difference between a starter and a regulator in a wound-rotor circuit. 


Refer to the CD-ROM 
for Quick Quiz® questions 
related to chapter content. 
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* Explain why a synchronous motor must operate at synchronous speed. 

e Describe how the rotor of a synchronous motor differs from the rotor of an 
induction motor. 

e List the different ways that DC excitation current can be applied to a rotor 
field winding. 

e List the types of relays used with synchronous motors. 

e Describe synchronous motor starting. 

¢ Explain why and how a discharge resistor is used. 

e Explain the differences between pull-in torque, pull-out torque, and torque 
angle. 

e Describe how synchronous motors can be used for power factor 
correction. 


Synchronous motors are used where a very constant speed is required, 
where power factor correction is required, or for slow-speed machines. 
Because synchronous motors operate at synchronous speed, they are not 
subject to the slip found in other polyphase motors. One big advantage of 


synchronous motors is that they can be used to improve power factor for 
the location where they are installed. Synchronous motors are generally 
_used to power large equipment such as compressors and pumps. 
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‘Definition - 


A synchronous motor is 
a motor that rotates at 
exactly the same speed 
as the rotating magnetic 
field of the stator. 


The field windings are 
magnets or stationary 
windings used to produce 
the magnetic field in an 
alternator or motor. 


Synchronous Motor Construction — 
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SYNCHRONOUS MOTOR 
CONSTRUCTION 


A synchronous motor is a motor that 
rotates at exactly the same speed as the: 
rotating magnetic field of the stator. Stan- 
dard induction motors and wound-rotor 
motors always run at slower than syn- 
chronous speed. Because of their speed 
characteristics, synchronous motors are 
used with loads that require constant 
speed. Synchronous motors are used for 
applications in which a NEMA Class B 
motor is designed. 


a 


STATOR 


Synchronous motors are similar to in- 
duction motors in that both have stator coils 
that produce a rotating magnetic field. See 
Figure 7-1. Unlike an induction motor, a 
DC field winding is placed in the rotor of 
a synchronous motor. The field windings 
are magnets or stationary windings used to 
produce the magnetic field in an alternator 
or motor. The field winding is excited by 
an external DC power source. Because of 
this external excitation, many existing syn- 
chronous motor designs require slip rings 
and brushes to provide current to the rotor. 
Newer designs may be brushless. 
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Figure 7-1. Synchronous motors are similar to induction motors in that they both have stator coils that produce a rotating 
magnetic field. The field winding of a synchronous motor is in the rotor and is excited by an external DC source. 


The DC power establishes electromag- 
nets in the rotor with north-south poles 
that enable the rotor to synchronize with 
the rotating stator flux. The rotor locks 
into step with the rotating magnetic field 
and rotates at exactly synchronous speed. 
If the synchronous motor is overloaded to 
the point where the rotor is pulled out of 
step with the rotating magnetic field, no 
torque is developed and the motor is taken 
off-line. The rotating field of the motor runs 
at the synchronous speed determined by the 
frequency and the number of poles. 

Synchronous motors are very similar to 
alternators and can be used as such. With 
a prime mover connected to the shaft and 
a voltage regulator connected to the output 
to control the exciter, the motor operates as 
an alternator. 


Stator Construction 


The stator of a synchronous motor is con- 
structed like the stator of any polyphase 
motor, with the field coils placed in slots 
120 electrical degrees apart. The stator is 
constructed of laminated iron sheets to mini- 
mize eddy current losses. See Figure 7-2. 
Since synchronous motors range in size from 
small to very large, the stators also range in 
size from small to very large. Larger stators 
may have either a cast iron frame or a welded 
steel ring with feet welded on to mount the 
Stator to the floor. 

An advantage of some larger stators is 
that the stator coils are individually con- 
structed and connected. The end of each coil 
is made so that it can be bolted to the next 
coil. This makes it easier to perform major 
maintenance, allowing in-field replace- 
ments and eliminating the need to pull the 
stator and completely rewind it. 


tech Foct 


Motor windings consist of coils of insulated 
copper wire, insulated aluminum wire, or 
heavy, rigid insulated conductors. Since 
windings are real conductors, all windings 
have electrical losses while conducting 
power. These losses create heat that must 
be removed. 
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Stator Construction 
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Figure 7-2. The stator is constructed of laminated iron sheets to minimize 
eddy current losses. 
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Definition 


Amortisseur windings, 
or damper windings, are 
squirrel-cage conducting 
bars placed in slots on 
the pole faces and con- 
nected at the ends. 


_Rotor Construction 
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Rotor Construction 

A synchronous motor has a two-part rotor. 
The rotor has an induction-motor rotor sec- 
tion and a wound rotor section. The motor 
is started the same way as a standard induc- 
tion motor. Starting a synchronous motor 
as an induction motor requires amortisseur 
windings. Amortisseur windings, or damper 
windings, are squirrel-cage conducting 
bars placed in slots on the pole faces and 
connected at the ends. The number of ro- 
tor fields must equal the number of stator 
field poles. 

Each pole is assembled individually. A 
conducting ring connects all the conducting 
bars in the rotor. See Figure 7-3. The am- 
ortisseur winding of a synchronous motor 
is generally smaller than the squirrel-cage 
winding of a comparable induction mo- 
tor because the winding is only used for 
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starting and is not expected to dissipate 
heat from continuous operation. Because 
of this, many motor drives require either a 
minimum amount of cooling time between 
motor starts or a maximum amount of time 
in slip operation. 

The wound rotor section consists of field 
windings wrapped around salient poles. 
The salient poles are attached to a spider 
ring mounted on the rotor shaft so that 
the entire assembly rotates. In a common 
design, all the windings of the rotor poles 
are connected in series and two leads are 
brought out to slip rings. The slip rings are 
mounted on the shaft, but insulated from it. 
This allows a DC excitation current to be 
connected to the windings via brushes that 
ride on the slip rings. The main DC exciter 
windings on the salient poles are wound 
around the cores with the wire exposed. 
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Figure 7-3. The rotor has an induction-motor rotor section consisting of conducting bars and conducting rings, and a wound 
rotor section consisting of the salient poles and the field windings. 


As the rotor approaches synchronous 
speed, a DC excitation current is applied 
to the rotor field windings. See Figure 7-4. 
When the DC excitation is applied to the 
rotor, it creates an electromagnet with north 
and south poles, which lock into step with the 
revolving field of the stator. The rotor then 
rotates in synchronization with the source. 

When a synchronous motor is running at 
synchronous speed, there is no relative mo- 
tion between the rotor and stator magnetic 
fields and no eddy currents are induced in 
the iron. Therefore, when running at syn- 
chronous speed, rotor laminations would not 
be required and a solid iron core would be 
acceptable. However, from the time the rotor 
is started in locked rotor until the time the 
rotor is at synchronous speed, eddy currents 
are induced in the core. The heat induced 
into the core as a result of the eddy currents 
is detrimental to the service life of the motor. 
For this reason, synchronous rotors are also 
assembled from iron laminations. 
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High-Speed Rotor Designs. Synchronous 
motors that typically run faster than about 
450 rpm are considered high-speed syn- 
chronous motors. Because of higher speeds 
and increased centrifugal force compared to 
a low-speed rotor design, the spider ring is 
constructed from high-strength steel lami- 
nations with punched or machined dovetail 
grooves into which the poles slide. See 
Figure 7—5. Another less-common design 
uses a cylindrical rotor with the field wind- 
ings embedded in slots in the rotor. 

For high-speed rotor designs, the rotor 
has a relatively long axial length compared 
to the rotor diameter. The bearings are com- 
monly mounted in endbells that are bolted 
to the motor. 


Dect fect nl 


The rotor of a synchronous motor has a 
field winding that creates electromagnetic 
fields. The electromagnetic fields follow the 
rotating stator field. 
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Figure 7-4. When the DC excitation is applied to the rotor, it creates an electromagnet with 
north and south poles, which lock into step with the revolving field of the stator. 
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Figure 7-5. For high-speed rotor designs, the spider ring is constructed from high-strength steel laminations with punched 
or machined dovetail grooves into which the poles slide. 


Low-Speed Rotor Designs. Synchronous 
motors that typically run slower than 
about 450 rpm are considered low-speed 
synchronous motors. Because of the lower 
speeds and decreased centrifugal force 
compared to a high-speed rotor design, 
the spider ring is a hollow cylinder. The 
salient poles are bolted to the spider ring. 
See Figure 7-6. The spider ring can also 
be constructed as a split-ring assembly to 
make it easy to remove for maintenance. 
The rotor can even be constructed as a 
split-rotor assembly. This is especially 
helpful when there is driven equipment on 
each end of the drive shaft. 

For low-speed rotor designs, the rotor 
has a relatively shorter axial length com- 
pared to the rotor diameter. The bearings 
are commonly mounted on integral or 
separate pedestals. 


Pony Motor Operation. Some synchronous 
motor designs for synchronous condensers 
do not include the amortisseur windings. 


Synchronous motors are usually very large and require careful handling and This type of rotor cannot be started by the 
assembly because of their weight. application of a rotating magnetic stator field. 


Low-Speed Rotor Besigns 
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Figure 7-6. For low-speed rotor designs, the spider ring is a hollow cylinder and the salient poles are bolted to the spider ring. 


In this case, a pony motor (small DC motor) 
is used to start the rotor rotation and speed it 
up to almost synchronous speed. At this point, 
the DC motor is switched to generator opera- 
tion, with the synchronous motor acting as the 
prime mover. The DC generator then acts as a 
standard DC shaft-mounted exciter. 


DC Exciter Generator 
Construction 

When a synchronous motor is started up, 
it Operates as an induction motor until it 
reaches a speed just below synchronous 
speed. At approximately 95% of synchro- 
nous speed, DC excitation is applied to the 
wound rotor section. The DC excitation 
creates electromagnets that polarize the 
rotor poles. This creates a flux that can 
synchronize with the rotating stator field 
so the motor can pull up to synchronous 
speed. See Figure 7-7. 

Most often, the DC is applied to the rotor 
through slip rings mounted on the shaft. The 
polarity of the slip rings is not critical. The 
negative-polarity ring typically wears faster 


than the positive ring due to electrolysis. As 
part of a preventive maintenance program, 
the rings should be reversed periodically to 
equalize the wear. 


Rotor-Stator Pole 
ation 


ELECTRO- 
MAGNET 


ROTOR CURRENT 
DELIVERED BY 
EXTERNAL DC POWER 


Figure 7-7. The DC excita- 
tion creates electromag- 
nets that polarize the rotor 
poles. This creates a flux 
that can synchronize with 
the rotating stator field so 
the motor can pull up to 
synchronous speed. 
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Definition _ 


A motor-generator 
(M-G) set is a motor 
and a generator with 
shafts connected and 
used to convert one 
form of power to an- 
other form. 


DC Shaft-Mounted Exciter Generators. 
The DC power to synchronous motors 
is often supplied by an exciter generator 
mounted on the end of the synchronous 
motor shaft, with the motor acting as the 
prime mover for the DC exciter generator. 
The exciter generator typically is a shunt- 
or compound-wound DC generator with 
the armature in parallel with the shunt field 
and its shunt field rheostat. As the armature 
is rotated by the synchronous motor, the 
windings of the armature cut the residual 
lines of flux in the stationary field. See 
Figure 7-8. 

The integrally mounted generator is 
usually driven by an extension of the syn- 
chronous motor shaft. The exciter generator 
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voltage is seldom higher than 250 V and the 
kW capacity of an exciter generator usually 
ranges from approximately 1% to 3% of the 
synchronous motor rating. 


Motor-Generator Sets. A synchronous mo- 
tor may use a motor-generator (M-G) set to 
produce the required DC power. A motor-gen- 
erator (M-G) set is a motor and a generator 
with shafts connected and used to convert one 
form of power to another form. An M-G set 
for a synchronous motor consists of a small 
high-speed induction motor that drives a DC 
generator. An M-G set can be mounted at a 
remote location from the synchronous motor 
and can be used with more than one synchro- 
nous motor at a time. See Figure 7-9. 
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Figure 7-8. An exciter generator typically is a shunt- or compound-wound DC generator with 
the armature in parallel with the shunt field and its shunt-field rheostat. 
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Figure 7-9. A motor-generator (M-G) set for a synchronous motor consists of a smal! high- 
speed induction motor that drives a DC generator. 


Static Exciters. A static exciter uses an 
AC source to provide rectified DC power 
to the field winding. A static exciter is 
usually mounted near the motor-starting 
equipment. This type of exciter is becoming 
more popular because of its reliability and 
simple design. 


Permanent Magnets. There are a few 
designs of synchronous motors that use 
permanent magnets for the poles. Since 
permanent magnets are used, the rotors 
do not need to be excited. These types of 
synchronous motors are typically used in 
variable-speed applications. Permanent- 
magnet rotors are simpler than excited rotors 
and have minimal maintenance requirements. 


Brushless Exciters. Many new synchro- 
nous motors are supplied with brushless 
exciters. A brushless exciter is an AC 
generator and rectifier mounted on a motor 
shaft. A brushless exciter rectifies AC power 
and provides the resulting DC power to the 
rotor field windings. Typically, the brush- 
less exciter is mounted on the non-drive end 
of the motor shaft. 

A brushless synchronous motor starts 
with the assistance of the amortisseur 


winding, similar to rotors with brushes. 
The brushless-style main rotor receives its 
DC power froma rectified single-phase AC 
supply that rotates on the same shaft as the 
rotor. See Figure 7-10. The control unit 
monitors the induced frequency and, when 
the rotor accelerates to about 95% of the 
rotating field, the AC source to the exciter 
is energized, providing current through the 
single-phase bridge rectifier. The bridge DC 
output produces a current in the exciter field 
stator coil. The exciter field stator coil is a 
series of coils surrounding the exciter rotor 
that is mounted on the motor shaft. 

As the exciter rotor spins in the DC field 
of the exciter field coils, an AC voltage is 
induced in the rotor. The rotor is a three- 
phase system, with the leads connected to a 
three-phase bridge rectifier that rotates on the 
shaft. The output of the three-phase rectifier 
is connected to the two leads from the main 
rotor coils in the synchronous motor. The 
lead that is connected to the three cathodes 
on the bridge is positive, while thc lead con- 
nected to the threc anodes is negative. 

The rectified output of the three-phase 
bridge provides the current for the rotor. As 
a rheostat or an adjustable autotransformer is 
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adjusted, the exciter rotor output to the three- 
phase bridge is varied. This controls the level 
of excitation in the main rotor, which in turn 
controls the power factor. 

Brushless exciters are typically used in 
high-speed applications because of ignition 
problems from brushes in physical contact 
with the slip ring. A brushless synchronous 
motor has reduced maintenance costs be- 
cause it does not have brushes, collector 
rings, or exciter commutators. A brushless 
synchronous motor can be considered for 
use in hazardous locations because of the 
lack of sparking from brushes. 


OPERATING PRINCIPLES 


Because of their steady speed, synchro- 
nous motors are often used to power large, 
sometimes slow-moving machines. Large 
plant compressors are a popular application 
of synchronous motors. In addition, fans, 
pumps, and large industrial grinders are 
powered by synchronous motors. Steady- 
speed mills in the steel industry are also 
often powered with synchronous motors. 
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Because synchronous motors must 
Operate at synchronous speed, they have 
several features that are different from 
those of induction motors. A synchronous 
motor typically starts up like an induction 
motor and switches to synchronous op- 
eration only after the rotor is accelerated 
to a speed almost as fast as the rotating 
stator field. A special relay is required to 
control this transition from inductive to 
synchronous operation. 

The rotor of a synchronous motor has 
amortisseur windings as well as synchro- 
nous windings. This means that if the motor 
slips out of synchronous speed, a voltage is 
induced in the amortisseur windings. This 
induced voltage is very dangerous because 
the windings can quickly overheat and dam- 
age the motor. 

Protective relays are needed to shut 
down a synchronous motor if it slips out 
of synchronous speed. The pull-in torque 
required to get a motor up to synchronous 
speed and the pull-out torque that can cause 
the motor to slip out of synchronous speed 
must be understood. 
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Figure 7-10. A brushless main rotor receives its DC power from a rectified single-phase AC supply that rotates on the same 


shaft as the rotor. 


Since synchronous motors are often 
used to provide power to large loads, 
reduced-voltage starting is often required to 
protect the power circuits in the plant. On 
the relatively uncommon occasions where 
synchronous motors are used for fractional- 
horsepower loads, the motor must be started 
with methods common to induction electric 
motors, such as split-phase, capacitor-start, 
repulsion-start, and shaded-pole starting. 


Relays and Accessories 


All electric motors normally have protec- 
tive relays such as overcurrent relays. There 
are several additional types of relays used 
with synchronous motors. Three common 
types of relays used with synchronous mo- 
tors are polarized field frequency relays, 
loss-of-excitation (field-failure) relays, and 
out-of-step relays. In addition, AC and DC 
ammeters and a discharge resistor are used 
with synchronous motors. 


Overloads cause overheating and dam- 
age to equipment. Overload protection is 
required by the National Electric Code”. 
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Polarized Field Frequency Relays. A Definition 
polarized field frequency relay (PFFR) is a 
relay used to apply current to the DC field 
windings of a synchronous motor and to 
remove the discharge resistor from the start- 
ing circuit. Polarized field frequency relays 
are also known as field application relays or 
polarized frequency relays. 

When starting a synchronous motor, the 
final step is to simultaneously remove the 
discharge resistor from the circuit and apply 
the DC voltage to the field windings on the 
rotor. Since it is very difficult to manually 
perform this operation, a PFFR is used. 
Polarized field frequency relays operate by 
monitoring the frequency and slip of the 
motor. The relays operate at the correct time 
to coordinate motor synchronization. 

A PFFR consists of an AC coil con- 
nected across a reactor in series with the 
field windings and a DC coil connected 
to the source of the DC excitation. See 
Figure 7-11. As the synchronous motor 
starts, the rotor is not moving and the sta- 
tor magnetic field is rotating at full speed. 
This induces a high-frequency current in 
the rotor amortisseur windings. 
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Figure 7-11. A polarized field frequency relay (PFFR) consists of an AC coil connected across a reactor in series with the 
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field windings and a DC coil connected to the source of the DC excitation. 


A polarized field fre- 
quency relay (PF FR) 
is a relay used to apply 
current to the DC field 
windings of a synchro- 


remove the discharge 
resistor from the starting 
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‘Definition 


A loss-of-excitation 
relay is a relay used to 
protect a synchronous 
motor from damage 
caused by the loss of 
excitation in the DC 
winding. 


An out-of-step relay 
(OSR) is an overload 
relay that is used to 
protect a synchronous 
motor from damage from 
induced currents caused 
by the rotor falling out 
of step with the rotating 
stator field. 


The AC power induced in the field 
windings flows through a reactor in paral- 
lel with the PFFR AC coil. The inductive 
reactance of the PFFR AC coil is lower 
than the inductive reactance of the reactor, 
so most of the current flows through the 
PFFR AC coil. The combined field of the 
DC and AC coils is strong enough to pull 
in the armature and open the contact. See 
Figure 7-12. 


Polarized Field Frequency 
Relay (PFFR) Operation _ 
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Figure 7-12. The combination of the flux 
from the AC coil and the DC coil creates a 
magnetic flux that pulls in the armature and 
opens the contact. 


As the rotor speeds up, the induced fre- 
quency decreases in the rotor field windings. 
The inductive reactance of the reactor and of 
the PFFR AC coil decreases as the frequen- 
cy decreases. The flux is proportional to the 
current. Eventually the current through the 
PFFR AC coil decreases to the point where 
the magnetic flux is not sufficient to hold 
the contacts open. The armature has a hinge 
that allows it to move away from the coil 
and close the contact. 


- 


When the PFFR closes the contact, relay 
F is actuated and DC is applied to the rotor. 
At the same time, DC is still being applied 
across the DC coil in the PFFR. This polar- 
izes the core material of the relay. 

After the DC power is applied from the 
exciter, the induced AC power in the rotor and 
the applied DC power are briefly opposed to 
each other. As the exciter establishes poles, 
the rotor synchronizes with the rotating stator 
field. At the same time, the discharge resistor 
is removed from the circuit. The PFFR has 
DC flowing through the DC coil. The AC coil 
does not have any current. 


Loss-of-Excitation Relays. A loss-of- 
excitation relay is a relay used to protect 
a synchronous motor from damage caused 
by the loss of excitation in the DC winding. 
The DC power from the exciter is necessary 
to maintain the excitation of the rotor poles. 
If the excitation is lost, the rotor falls out of 
step with the stator field and large, danger- 
ous voltages are induced in the windings 
in the rotor. 

Synchronous motors can be protected from 
damage caused by the loss of excitation by 
an undercurrent relay coil in series with the 
field winding. See Figure 7-13. The relay 
circuit should include a time delay so that 
momentary fluctuations do not prematurely 
shut down the motor. 

In addition, when the rotor loses syn- 
ehronization with the stator field, the motor 
draws excessive VAR power. An impedance 
relay that activates on excessive VAR power 
may be used. A power factor relay can also 
be used to detect the reactive power in a 
synchronous motor. 


Out-of-Step Relays. An out-of-step relay 
(OSR) is an overload relay that is used to pro- 
tect a synchronous motor from damage from 
induced currents caused by the rotor falling 
out of step with the rotating stator field. See 
Figure 7-14. A synchronous motor may lose 
speed and fall out of step if it is overloaded, 
if the source voltage sags, or if the rotor field 
loses excitation. An OSR includes a timer 
that allows a reasonable amount of time fora 
synchronous motor to get up to speed before 
the OSR is switched into the circuit. 
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Figure 7-13. Synchronous motors can be 
protected from damage caused by loss of 
excitation by an undercurrent relay with the 
coil in series with the field winding. 


A common OSR design is a current-type 
relay in series with the discharge resistor. 
This means that the magnetic field that 
actuates the relay is a result of the rotor cir- 
cuit current. An OSR includes a time-delay 
function controlled by an adjustment on the 
plunger (armature) that controls the field 
strength needed to pull the plunger up into 
the core. The plunger trips an NC contact 
wired in series with the OL contacts. 

An OSR has a piston immersed in a 
viscous fluid that controls the amount of 
time it takes for the piston to ascend into the 
core. The piston is connected to the bottom 
of the plunger and has an adjustable orifice 
to control the displacement of the fluid from 
the top of the piston to the bottom. As the 
orifice is reduced via a movable cover that 
slides over it to control its size, the time it 
takes for the piston to ascend in the core 
is extended. 

An OSR is often packaged as part of a 
field monitor relay. A field monitor relay 
measures the power factor of the motor and 
trips the motor offline if synchronization 
is not achieved within the proper amount 
of time or if the motor pulls out of step 
while running. 


Discharge Resistors. A discharge resis- 
tor is a resistor used to discharge any AC 
potential that builds up in the DC field 
winding of a rotor in a synchronous motor. 


Chapter 7—Synchronous Motors 151 


See Figure 7-15. A discharge resistor may 
also be called a field discharge resistor, 
external discharge resistor, or external 
shorting resistor. When a synchronous 
motor is started or stopped, the rotor is out 
of synchronization with the stator field. 
and AC voltage is induced into the DC 
field windings. The amount of voltage is 
determined by the difference between the 
rotational speed of the rotating stator field 
and the speed of the rotor. Since the field 
windings are wired in series, high voltages 
can be induced into the rotor field, creating 
a dangerous condition. 

A discharge resistor is included as part 
of the starting circuit. The discharge resis- 
tor is shunted across the rotor field during 
starting. When the rotor is up to speed and 
ready to switch to DC excitation, the dis- 
charge resistor is removed from the starting 
circuit by the F relay. During a shutdown, 
when the motor slows down, the shorting 
resistor is placed back in the circuit. 
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Figure 7-14. A common design for an out- 
of-step relay circuit is a current-type relay in 
series with the discharge resistor. 


| Definition 


A discharge resistor is 
a resistor used to dis- 
charge any AC potential 
that builds up in the DC 
field winding of a rotor 
in a synchronous motor. 


152 MOTORS 


scharge Resistors 


LOSS-OF-EXCITATION 
RELAY 


DISCHARGE 
RESISTOR 


Figure 7-15. A discharge resistor is included 
as part of the starting circuit. The discharge 
resistor is shunted across the rotor field wind- 
ing during starting. 


Many older synchronous motors also 
included a back-up component for times 
when the discharge resistor failed. Each 
conducting ring in the rotor was built with 
two small, sharp-pointed screws with the 
pointed ends facing each other and leaving 
a small spark gap. If the discharge resistor 
fails, the voltage builds up in the windings 
until the induced voltage causes a flashover 
between the screw tips and relieves the 
stress on the DC field insulation. 


Synchronous Motor Starting 


Induction motors depend on using magnetic 
fields to induce current in rotor windings. 
The power is transferred from the rotating 
field of the stator windings to the squirrel- 
cage winding of the induction motor. All 
synchronous motors larger than subfrac- 
tional sizes use permanent magnets or use 
an applied DC to create electromagnets that 
follow the rotating field of the stator wind- 
ings. The rotor current is transferred directly 
through the DC exciter circuit. 

A rotating magnetic field is produced when 
3-phase power is applied to the stator of the 
motor. This revolving magnetic field produces 
the torque in the amortisseur winding that 
causes the rotor to rotate. The rotor starts and 
accelerates to near-synchronous speed, simi- 
larly to a standard induction motor. 


The motor speed remains at slightly less 
than synchronous speed until the DC power 
is applied to the rotor field. See Figure 7-16. 
When the DC power is applied to the rotor 
field, the discharge resistor is switched out of 
the circuit. It is important to switch the DC 
power at the correct time. The magnetic flux 
flows through the air gap between the rotor 
and stator. Since the purpose of applying the 
DC to the field winding is to create a magnetic 
field (electromagnet) that synchronizes with 
the stator field, itis very important to switch 
the DC when the N and S rotor and stator 
poles are aligned in order to lock the fields 
together and minimize the pull-in torque. 


Direct On-line Starting. The simplest start- 
ing method fora synchronous motor is direct 
on-line (DOL) starting, where the motor is 
wired directly across the line conductors. 
A manual starter can be used as the actual 
switching device. This method may work 
satisfactorily for relatively small motors, but 
is seldom used for large motors. Large mo- 
tors draw excessive power from the electrical 
network. This can result in unacceptable 
voltage drop and high inmish current. 


Reduced-Voltage Starting. Low inrush 
current at starting is often desirable to 
protect the power system from undesirable 
high currents. There are many designs for 
synchronous motors that allow for a low 
inrush current. However, these designs may 
not be readily available or may not be cost 
efficient. Because of the inertia from the 
size and weight of the rotor, along with the 
starting currents of the synchronous motor, 
reduced-voltage starting 1s often used. 

The methods of applying a reduced volt- 
age to a synchronous motor are the same 
as the methods of applying a reduced volt- 
age to an induction motor, Because of the 
reduced inrush current and torque during 
starting, a motor drive normally allows an 
increased stall time to allow more time for 
the motor to reach synchronous speed. 
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power factor correction capacitors are used. 
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Figure 7-16. The revolving magnetic field in the stator produces the torque in the amortisseur winding that causes the rotor 
to rotate. The rotor starts and accelerates to near-synchronous speed, similar to a standard induction motor. The motor speed 
remains slightly less than synchronous speed until the DC power is applied to the rotor field. 


Starting Circuit Operation. For synchro- 
nous motors started with PFFR relays, DC 
power needs to be available. If the syn- 
chronous motor uses an M-G set to provide 
DC power, the M-G set needs to be started 
first. If the synchronous motor uses a DC 
generator mounted on the motor shaft, the 
generator starts providing DC power as 
soon as the rotor starts turning. The starting 
circuit for a synchronous motor includes 
a power circuit, a contro] circuit, and an 
exciter circuit. See Figure 7-17. 

When the start button is pressed, relay 
CRI is energized in the control circuit. This 
closes the CR1 holding contact (latching con- 
tact) in parallel with the start button and the 
CR] contact in series with the coil of the main 
motor starter. This energizes the motor relay 
(M) that closes the M holding contact. Botha 
contact of the M contactor and a contact of the 
CRI are in series, with both in parallel with 
the start button. This requires that both CR! 
and M be energized to latch up CR]. 

Energizing relay M also closes the three 
NO contacts in the power circuit. These con- 
tacts are in the conductors connecting the line 
to the stator and allow current to flow to the 
overloads. The low-impedance coils of the 
magnetic overload relays sense the current, 


and the plungers (armatures) are drawn toward 
the core, closing the OL contacts and allowing 
current to flow to the stator. 

The current transformer that surrounds line 
1 provides a current to the AC ammeter. At 
startup in locked rotor, the meter may read up 
to about 700% of full-load current, depending 
on the motor design. The stator is energized 
and the rotating synchronous field established, 
rotating around the stator frame. 

The rotating stator field is applied to the 
rotor amortisseur windings, and a voltage 
and current are induced in the windings. 
Because the current in the amortisseur 
windings is 180° out of phase with the cur- 
rent in the stator, the poles are unlike and 
there is an attraction between the poles of 
the rotor and the poles of the stator. 

The same rotating stator field that in- 
duced voltage in the amortisseur windings 
also induces voltage in the DC field wind- 
ings. Since the field windings are all in 
series, the voltages add to produce a very 
high induced voltage. Because of the high 
induced voltage, it is imperative that the cir- 
cuit not be left in an open condition. With no 
current flow, the voltage would rise to a level 
at which the insulation would be damaged 
by the stress from the high voltage. 
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Figure 7-17. The starting circuit for a synchronous motor includes a power circuit, a control 


circuit, and an exciter circuit. 


The exciter circuit contains a discharge 
resistor that provides a complete path for 
the current induced in the field windings to 
flow. This provides a means of discharging 
the high voltage in the rotor caused by the 
induced current in the field windings. The 
low-impedance coil of the OSR is energized 
by the current and the plunger is drawn 
toward the core. 

If any of the three magnetic overloads or 
the OSR plungers pulls all the way up into 


the core and actuates its NC contact in series 
with CRI, the stator will be disconnected 
from the line. The OSR has a delay built 
into it to allow time for the rotor to achieve 
synchronous speed. 

The fifth contact of motor relay M is in 
series with field contactor relay F in the 
exciter circuit. Since relay F has not been 
energized yet, the relay F NO contacts 
prevent the AC in the field windings from 
reaching the F coil and keep relay F from 


being energized . The AC flows through the 
relay F NC contact, the discharge resistor, 
the OSR, and the parallel combination of 
the reactor and the PFFR AC coil. Since the 
AC frequency is relatively high at startup, 
the inductive reactance of the reactor is 
relatively high and most of the current flows 
through the PFFR AC coil. 

Because of the induced voltage in the 
field winding, the rotor starts to turn. The 
exciter armature starts to turn with the rotor 
and produces DC power. The DC coil of the 
PFFR is energized and flux from the coil fills 
the iron core. The flux in the PFFR core is a 
combined flux from the DC coil, created by 
the DC generator, and from the AC coil, cre- 
ated in the DC windings. The combined flux 
is enough to pull in the armature and open 
the PFFR contact. This prevents relay F from 
energizing and prevents the DC from being 
applied to the rotor DC field windings. 

As the rotor starts to rotate, the induced 
frequency in the field windings is reduced 
in proportion to the increase in speed. As 
the rotor speed increases, the slip is reduced 
and the current in the rotor is reduced, which 
reduces the flux in the OSR coil. This re- 
duces the speed at which the OSR plunger 
moves toward the core. Although the speed 
is reduced, the plunger will still be drawn 
up into the core if the rotor does not reach 
synchronous speed. 

The reactive voltage in the reactor is 
reduced as the frequency decreases. At the 
optimum point, the frequency is low enough 
that the PFFR AC coil cannot force the DC 
flux through the armature. The armature 
opens, closing the PFFR NC contact in se- 
ries with the M contact in the exciter circuit. 
(The M contact closed previously when 
the M coil was energized.) This energizes 
relay F, and the contactor closes the two NO 
contacts, connecting the exciter generator 
output to the rotor. 

Right after the relay F NO contacts close, 
the relay F NC contact opens, disconnecting 
the OSR coil and the discharge resistor from 
the rotor. The contact operation of the make 
before break of the F contactor contacts is es- 
sential to prevent the high-voltage spike that 
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would be induced in the rotor circuit if the 
circuit were allowed to open for even a short 
time. This spike would damage the contacts 
on the F contactor and the rotor coils. 

The DC that is applied to the rotor field 
windings creates an electromagnet that pulls 
the rotor into synchronous speed with the 
rotating stator field. The DC ammeter is con- 
nected in series with the exciter output. The 
meter is connected to a meter shunt, provid- 
ing a voltage for the meter via a voltage drop 
across the shunt. 

The field strength can be adjusted by 
varying the rheostat that is in series with 
the shunt field of the exciter. The output of 
the exciter is varied to control the flux in the 
rotor poles. The strength of the rotor field 
determines the power factor correction of 
the synchronous motor. 

A loss-of-excitation relay is placed in the 
conductors between the rotor field windings 
and the exciter circuit. This relay is used to 
monitor the field windings and to shut down 
the exciter circuit if the field excitation fails. 

Many modern synchronous motors are 
made with brushless exciters. These types 
of exciters use solid-state electronic circuits 
to replace the PFFRs used on conventional 
synchronous motor starting. This results ina 
slightly different method of applying DC to 
the rotor, but the same type of power circuit 
and control circuit are used. 


Torque 


Torque is a twisting force that is used to 
rotate a motor shaft. The three types of 
torque that are important to understand for 
synchronous motors are reluctance torque, 
pull-in torque, and pull-out torque. Under- 
standing torque angle is also important. 


Reluctance Torque. Reluctance torque is 
torque developed by the salient rotor poles 
before the poles are excited by the external 
DC power. Reluctance torque is typically 
fairly small, but it may be enough to enable a 
synchronous motor to run at very light loads 
without DC excitation. In addition, the reluc- 
tance torque may be enough to pull the rotor 
into synchronization when the motor is coupled 
to a very low inertial load. See Figure 7-18. 


| Definition 


Torque is a twisting 
force that is used to 
rotate a motor shaft. 


Reluctance torque is 
torque developed by the 
salient rotor poles before 
the poles are excited by the 
external DC power. 
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Definition 


Pull-in torque is 

the maximum torque 
required to accelerate 
a synchronous motor 


into synchronization at 
the rated voltage and 
frequency. 
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Figure 7-18. Reluctance torque is torque developed by the salient rotor poles before the poles 
are excited by the external DC power. Reluctance torque is typically small, but it may be enough 


to enable a synchronous motor to run at very lig 


Pull-In Torque. Pull-in torque is the 
maximum torque required to accelerate a 
synchronous motor into synchronization 
at the rated voltage and frequency. Pull-in 
torque develops during the transition as the 
synchronous motor speeds up to the syn- 
chronous speed from the maximum speed 
running as an induction motor. At the point 
where the rotor is being accelerated to syn- 
chronous speed, the slip is very small and 
only the reluctance torque and the torque 
provided by the DC exciting the field wind- 
ings can provide the pull-in torque. 

The excitation DC should be applied to 
the field windings at the point of maximum 
flux to optimize the change from inductive 
operation to synchronous operation. The 
point of maximum flux occurs in the PFFR 
relay as the AC power crosses through zero 
from positive to negative. See Figure 7-19. 
The flux creates the strongest magnetic 
field in the rotor if the field discharge 
resistor is removed from the circuit at the 
point of maximum flux. At the same time, 
the excitation DC is applied and increases 


ht loads without DC excitation. 


the flux. This provides maximum torque 
for the rotor to pull into synchronization. 

Normal pull-in torque typically ranges 
from about 40% to 100% of full-load 
torque. For large loads, it takes more torque 
to accelerate the load to synchronous speed 
than for a small load. The ability to acceler- 
ate the rotor from slip speed to synchronous 
speed is limited by the strength of the DC 
field and the timing of the synchronization. 
Therefore, for large loads the amortisseur 
winding must bring the load to a higher 
speed than for smaller loads. This higher 
speed can be achieved by special designs 
of the amortisseur winding. 

For example, a high-inertia load, such 
as a blower, requires a very high torque 
to operate at synchronous speed. It also 
takes a very high torque to accelerate the 
load from slip speed to synchronous speed. 
This application may require an amortisseur 
winding that accelerates the rotor to at least 
97% of synchronous speed to be sure that 
the motor will pull into synchronization. If 
the rotor is accelerated to only 95% of full 
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speed, the motor may stall when the DC f Tech Fat ss an 


excitation field is applied. Thus, a synchro- In an electric motor, torque is normally 
nous motor should generally be built to a developed on a current-carrying wire loop 
specific application. moving at a right angle to a magnetic field. 


; : Higher torque is developed with more turns 
Pull-Out Torque. Pull-out torque is the of wire, a stronger field, and faster move- 


torque produced by a motor overload that ment. 
pulls the rotor out of synchronization. Syn- 
chronous torque is the torque required to 
keep the rotor turning at synchronous speed 
and represents the torque available to drive Ska UE Ds: 03 a 
the load. When the synchronous torqueist [ 8 


Maximum, it is equal to the pull-out torque. AC-INDUCED FIELD CURRENT IN PFER AC COIL 
See Ficure 7-20 DC POLARIZING CURRENT IN PFFR DG COIL 
a 8 A A e l RESULTANT MAGNETIC FLUX IN PFFR ARMATURE 
e torque developed by the amortis- 
RELAY OPENS EXCITATION APPLIED 
IN THIS DIRECTION 


seur winding becomes zero at synchronous AT THE POINT OF 
MAXIMUM TORQUE 


speed. If the motor pulls out of synchro- 
nization, there is slip again and voltage is MOTOR 

induced in the amortisseur winding. Pull- SYNCHRONIZED 
out protection is required to prevent the 
motor from running as an induction motor 


i * RELAY ESTABLISHES 
that draws high current through the rotor CONTACT(S) TO 
windings. Normal pull-out torque typically APPLY EXCITATION 


ranges from about 150% to 200% of full- TO ROTOR 
load torque. 
The pull-out torque is not the same thing Figure 7-19. The DC excitation current should be applied to the field windings 
as the break-down torque of an induction atthe point of maximum flux to optimize the change from inductive operation 
motor. There is no speed change as the to synchronous operation. 
load is increased. The motor maintains 
synchronous speed until the pull-out torque 
pulls the motor out of step. When the motor Pull-Out Torque 
pulls out of step, current starts to flow in Eeen 
the amortisseur winding and overheating PULL-OUT 
can occur. / TORQUE 
Synchronous torque is provided by the 
interaction of the stator field and the rotor 
DC field windings. The amount of torque 
that can be sustained before the stator and 
rotor fields pull out of synchronization 
depends on the strength of the fields. A 
synchronous motor with a DC excitation 
source that can be increased, such as an M- 
G set or an exciter mounted on the shaft, has 
a pull-out torque that varies with a voltage 
change. These types of synchronous motors 
have a variable pull-out torque. If the DC 
excitation source is a static source of recti- T 
fied AC, the pull-out torque does not vary Parde Ladd 
unless the line voltage varies. These types 


of synchronous motors have a constant Figure 7-20. The pull-out torque is equal to the maximum synchronous 
pull-out torque. torque. 
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Definition 


Pull-out torque-is the 
torque produced by a 
motor overload that 
pulls the rotor out of 
synchronization. 


Synchronous torque is the 
torque required to keep the 
rotor turning at synchro- 
nous speed and represents 
the torque available to 
drive the load. 


Torque angle is the 
angle between the rotor 
and stator fields as a 
synchronous motor is 
running under load. 


When a synchronous motor pulls out of 
synchronous operation while under load, 
the rotor poles begin to slip relative to the 
stator poles. This can create very large 
torque pulsations at the motor shaft and 


large pulsations in line current. The torque 
4 


pulsations can create damaging vibrations 
in the shaft or other mechanical compo- 
nents. The current pulsations can interfere 
with proper operation of the power system. 
Power factor is related to the phase angle 
between voltage and current. Synchronous 
motors typically operate at unity or leading 
power factor. Therefore, a power-factor 
monitor or relay can be used to protect a 
motor from pole slippage. 


Torque Angle. Torque angle is the angle 
between the rotor and stator fields as a syn- 
chronous motor is running under load. As the 
rotor of a synchronous motor synchronizes 
with the rotating stator field under no load, 
the rotor and stator become aligned. As load 
is placed on the motor, the torque angle 
increases and the poles of the rotor begin 
to lag behind the stator. See Figure 7-21. 
The counter voltage is affected and the sta- 
tor current increases, providing a stronger 
pole on the stator. This is not the same thing 
as slip. The poles lag, but they maintain a 
synchronous speed. 


Discharge Resistors. The amount of re- 
sistance in the discharge resistor influences 
the amount of torque available to bring the 
slip speed of the rotor up to a value close to 
synchronous speed. At startup, the slip is 
very high and therefore the rotor frequency 
is very high. A high frequency causes a high 
reactance in the DC field windings and a high 
starting torque. As the rotor speeds up, the slip 
decreases and the starting torque decreases. 

As with an induction motor, the rotor 
circuit impedance determines the starting 
torque. At low speeds, the DC field wind- 
ings respond to the high frequency created 
in the rotor. Therefore, the impedance of 
the field windings and exciter circuit is 
very reactive. The discharge resistor has 
little effect on the impedance and starting 
torque because the resistance is only a small 
part of the total impedance. At high speeds, 


the field windings respond to the lower 
frequency created in the rotor. Therefore, 
the impedance of the field windings is less 
reactive and the discharge resistor has more 
effect on the impedance. At this point, the 
field windings start to contribute signifi- 
cantly to the starting torque. 


È /-ROTOR AND STATOR 
j AT SAME ANGLE 


ee 


NO LOAD 


TORQUE ANGLE 


Figure 7-21. Torque angle is the angle be- 
tween the rotor and stator fields as a synchro- 
nous motor is running under load. 


A higher value of resistance changes the 
ratio of reactive impedance relative to resistive 
impedance and allows a higher torque and 
higher slip speed. A low value of resistance 
results in a lower torque and lower slip speed. 
See Figure 7-22. 


Bitech Foct 


A meter with a MIN/MAX function that holds 
readings over time can be used to help 
identify intermittent problems such as loose 
connections. 


It may seem desirable to modify the value 
of the discharge resistor to increase the slip 
speed and make it easier to bring a load to 


synchronous speed. However, this can be 


very dangerous. While it is true that a larger 


+ 


| DISCHARGE _ 
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value of resistance allows a higher slip speed 
and easier synchronization, it also allows 
a higher voltage to exist in the windings. 
The winding insulation must be capable of 
withstanding the higher voltage. 
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Figure 7-22. The amount of resistance in the discharge resistor influences the amount of torque 
available to bring the slip speed of the rotor up to a value close to synchronous speed. 


Hunting 


Hunting is the oscillation of the phase 
angle between the stator pole and the 
rotor pole of a synchronous motor. 
Synchronous motors must maintain 
synchronization with the stator field. 
However, when the load increases, the 
rotor slows down and the phase angle 
between the stator pole and the locked 
rotor pole changes in order to provide 
the proper torque. The motor remains 
synchronized, but the rotor lags behind 
the stator field. 


As the phase angle increases, the 
motor draws more current. As more 
current flows, the torque increases and 
the phase angle decreases, often over- 
shooting the equilibrium. As a result, the 
phase angle oscillates back and forth 


around the equilibrium point. The oscil- 
lations must be dampened to minimize 
the hunting. 


The amortisseur windings help to 
dampen power-angle hunting that 
occurs when the motor is running at 
synchronous speed. The amortisseur 
windings are used to help maintain 
consistent position and magnitude of 
the magnetic field connecting the poles. 
When hunting occurs, the armature 
reaction on the field flux causes a shift 
of flux across the pole shoe. Circulat- 
ing currents are induced in the damper 
winding by the shifting flux. The kinetic 
energy of the oscillations is converted 
into heat energy in the windings, thus 
eliminating the oscillations. 
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POWER FACTOR 


A leading power factor is a circuit with cur- 
rent leading voltage by some angle between 
0° and 90°. A lagging power factor is a cir- 
cuit with current lagging behind voltage by 
some angle between 0° and 90°. A leading 
or lagging power factor causes power losses 
in the system because voltage and current 
are not in phase. See Figure 7-23. 


Synchronous-Motor Power Factor 


The power factor of a synchronous motor 
is determined by the amount of DC power 
applied to the rotor. Varying the power var- 
ies the power factor. A synchronous motor 
can operate at unity power factor, a lagging 


LAGGING UNITY 
Current Lags Voltage Voltage and Current 
In Phase 
UNITY - 


POWER FACTOR 
WOUND-ROTOR MOTORS 


INDUCTION MOTORS OPERATE 
AT LAGGING POWER FACTOR 


LAGGING 
POWER FACTOR 


COE 


power factor (underexcited), or a leading 
power factor (overexcited). 


Unity. Unity power factor is where the AC 
is in phase with the applied voltage. Except 
for normal motor losses, all of the power is 
delivered to the load as mechanical power. 
This is the most efficient operating condi- 
tion of a synchronous motor. 


Rech oct eel 


A common cause of a low (lagging) power 
factor in industrial facilities is induction 
motors. The power factor can be increased 
by installing synchronous motors (leading 
power factor) or static capacitors across 
the line. 


LEADING 


Current Leads Voltage 


SYNCHRONOUS MOTORS 
NORMALLY OPERATE AT 
LEADING POWER FACTOR 


LEADING 
POWER FACTOR 


0.20 


Figure 7-23. A leading or lagging power factor causes power losses in the system because voltage and current are not 


in phase. 


Underexcited. With weak DC power ap- 
plied to the rotor, the power factor is less 
than unity. The current lags the applied volt- 
age by some angle. When underexcited, the 
synchronous motor operates with the same 
type of lagging power factor as induction 
and wound-rotor motors. Being underex- 
cited is not the normal operating condition 
of a synchronous motor and typically only 
happens when the motor is overloaded and 
about to slip out of synchronization. 


Overexcited. With high DC power applied 
to the motor, the power factor is also less 
than unity. In this case, the current leads 
the applied voltage and produces a leading 
power factor. The leading power factor of 
the synchronous motor offsets the lagging 
power factor of other loads. Being over- 
excited is the normal operating condition 
of a synchronous motor. It is not the most 
efficient operating condition for the motor, 
but it is the most efficient operating condi- 
tion for the entire distribution system. 


Power Factor Correction 


Synchronous motors are not only used to 
produce mechanical power, such as running 
a plant compressor, but are also used for 
power factor correction at the same time. 
Power factor correction is possible when 
the synchronous motor is not fully loaded. 
A synchronous condenser is a synchronous 
motor operated at no load in order to provide 
power factor correction. A synchronous mo- 
tor usually operates with a leading power 
factor, which is the opposite of induction 
and wound-rotor motors. This leading power 
factor can be used to counteract the effect 
of the lagging power factor caused by other 
motor types. 

Synchronous motors are generally avail- 
able with power factor ratings of unity (1.0) 
or 0.8 leading. Other ratings are available. A 
leading power factor can provide substantial 
electrical power savings by supplying reac- 
tive power to counteract the lagging powcr 
factor typically caused by inductive loads. 

A synchronous motor operates at a 
constant speed. Variation in DC excitation 
current does not affect the speed. However, 
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the excitation level changes the power fac- 
tor. The exciter circuit has a rheostat that 
changes the amount of DC power available 
to excite the field windings. As the rheostat 
on the exciter field is adjusted, the exciter 
rotor output to the three-phase bridge is 
varied. This controls the level of excitation 
in the field windings in the rotor, which in 
turn controls the power factor. 

By varying the rotor current, the pole can 
be either just strong enough to keep the rotor 
synchronized with the rotating field, or it 
can be overexcited, cutting the stator coils 
ahead of the coils that are excited by the 
source. Overexcitation provides a leading 
power factor on the line, which affects the 
supply system power factor. If the supply 
system has a lagging power factor, raising 
the field current overexcites the rotor and 
the power factor is improved. 

The rotor voltage supplied by the exciter, 
E, provides a field that is sufficient to main- 
tain synchronization between the rotor and 
the rotating stator field. See Figure 7-24. 
The stator current, /, lags the source stator 
voltage, E,. As a result of the inductive re- 
actance of the stator. the stator current lags 
90° behind the rotor voltage. 

The torque angle remains in the same po- 
sition as long as there is no change in load. 
If more load is added, the torque angle will 
increase and the stator current will move 
in a clockwise direction and lag the stator 
voltage at a greater angle. This increase in 
the torque angle increases the current in the 
stator and allows for the heavier load. 

The power circuit is inductive because the 
stator current is lagging the stator voltage. 
Therefore, the power factor is lagging. When 
the rotor current is increased, the strength of 
the field surrounding the poles in the rotor 
is also increased. This expanded field cuts 
the coils ahead of the source and induces a 
power in the stator that leads the source. This 
leading power produces a leading power just 
as a capacitor does. This corrects the power 
factor on the system. Modern synchronous 
motors often have automatic controls that 
monitor the power factor and adjust the ro- 
tor field strength as needed to maintain the 
desired power factor. 


| Definition 


A synchronous con- 
denser is a synchronous 
motor operated at no load 
in order to provide power 
factor correction. 
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Figure 7-24. The phasor diagrams show how the phase angle between the stator current and 
voltage can change with the amount of applied DC power to the rotor. 


Application— Synchronous 
Motor Power Factor 


When a synchronous motor is at unity power 
factor, the current in the stator power circuit 
is at a minimum level. If the current in the 
rotor winding is increased (overexcited), 
the current in the stator increases and the 
motor develops a leading power factor. If 
the current in the rotor winding is decreased 
(underexcited), the current in the stator in- 
creases and the motor develops a lagging 
power factor. 


To measure stator current, an AC am- 
meter connected to a current transformer 
(CT) is added to the stator power circuit. A 
CT with a typical value of 50:5 up to about 
400:5, depending on motor size, is used to 
measure the current from the main power 
lines. To measure the rotor current, a DC 
ammeter connected to a DC shunt is added 
to the exciter circuit. A rheostat or other re- 
sistance is used to vary the rotor current. 


A synchronous motor operating a blower 
is used to move air as well as correct the 
system power factor. The following table 


Ammeter Readings 


Pee | 


Rotor Current | Stator Current 
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gives the measured currents. The currents 
are plotted on the graph. A rotor current 
greater than 18 A results in an overexcited 
rotor, which provides leading power factor to 
correct for other lagging loads. This type of 
graph can easily be used to help operators 
understand how to control synchronous mo- 
tors to deliver power factor correction. 
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PENAY 
* A synchronous motor rotates at exactly the same speed as the rotating stator field. External DC excitation cre- 
ates an electromagnetic field that synchronizes with the rotating stator field. 


+ Asynchronous motor has a two-part rotor. The rotor has an induction-motor rotor section consisting of amortis- 
. . . . . ` 
seur windings and a wound rotor section consisting of field windings. 


e Common methods of applying a DC exciting current to the rotor windings include DC shaft-mounted exciters, 
motor-generator (M-G) sets, static exciters, and brushless exciters. In addition, some rotors are manufactured 
with permanent magnets to eliminate the need for excitation. 


* Common relays and accessories include polarized field frequency relays (PFFRs), loss-of-excitation relays, 
out-of-step relays (OSRs), and discharge resistors. 


¢ The starting circuit of a synchronous motor is very similar to the starting circuit of an induction motor, with 
the addition of an exciter circuit. The exciter circuit includes relays or a control module that switches the motor 
from inductive operation to synchronous operation. 


e The discharge resistor provides a conductive path for the current induced in the field windings during startup. 
In addition, the value of the discharge resistor affects the amount of torque available to bring the slip speed of 
the rotor up to a value close to synchronous speed. 


e Torque is a twisting force that is used to rotate a motor shaft. Reluctance torquc is torque developed by the salient 
rotor poles that occurs before the poles are excited by the external DC powcr. Pull-in torque is the maximum 
torque required to accelerate a synchronous motor into synchronization at the rated voltage and frequency. 
Pull-out torque is the torque produced by a motor overload that pulls the rotor out of synchronization. Torque 
angle is the angle between the rotor and stator fields as a synchronous motor is running under load. 


¢ The power factor of a synchronous motor is determined by the amount of DC power applied to the rotor. As 
the rheostat on the exciter field is adjusted, the level of excitation in the field windings changes, changing the 
power factor. 


A synchronous motor is a motor that rotates at exactly the same speed as the rotating magnetic field of the stator. 


Field windings are magnets or stationary windings used to produce the magnetic field in an alternator or motor. 


Amortisseur windings, or damper windings, are squirrel-cage conducting bars placed in slots on the pole faces 
and connected at the ends. 


A motor-generator (M-G) set is a motor and a generator with shafts connected and used to convert one form of 
power to another form. 


A polarized field frequency relay (PFFR) is a relay used to apply current to the DC field windings of a synchro- 
nous motor and to remove the discharge resistor from the starting circuit. 


A loss-of-excitation relay is a relay used to protect a synchronous motor from damage caused by loss of excita- 
tion in the DC winding. 
Cn ee 
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An out-of-step relay (OSR) is an overload relay that is used to protect a synchronous motor from damage from 
induced currents caused by the rotor falling out of step with the rotating stator field. 


A discharge resistor is a resistor used to discharge any AC potential that builds up in the DC field winding of a 
rotor in a synchronous motor. 


Torque is a twisting force that is used to rotate a motor shaft. 


Reluctance torque is torque developed by the salient rotor poles before the poles are excited by external DC 
power. 


Pull-in torque is the maximum torque required to accelerate a synchronous motor into synchronization at the 
rated voltage and frequency. 


Pull-out torque is the torque produced by a motor overload that pulls the rotor out of synchronization. 


Synchronous torque is the torque required to keep the rotor turning at synchronous speed and represents the 
torque available to drive the load. 


Torque angle is the angle between the rotor and stator fields as a synchronous motor is running under load. 


A synchronous condenser is a synchronous motor operated at no load in order to provide power factor 
correction. 


1. Explain why a synchronous motor rotates at exactly the same speed as the rotating stator field. 
2. Describe the two parts of a rotor in a synchronous motor. 


3. List and describe the typical methods of applying a DC excitation current to the field windings of a synchronous 
motor. 


4. List and describe the common relays and accessories used with a synchronous motor. 
5. Describe the operation of the exciter circuit of a synchronous motor. 

6. Explain the purpose and operation of a discharge resistor. 

7. Describe the types of torque that apply to a synchronous motor. 


8. Describe how a synchronous motor is used to correct power factor. 


Refer to the CD-ROM » 
for Quick Quiz? questions ;o——" 


related to chapter content. EE — i» 


ie Capacitor 


l 
H l 


Ehdbell 
l Rotor 


Bearing- 


SSS Se bd dds Sl 


r 


A 


2 — St 
ALTERNATING 
CURRENT MOTORS 


T = TERMINAL 


SINGLE PHASE, SINGLE OR 
DUAL VOLTAGE 


HIGH COM LOW 


Ti | T2 T1 


SINGLE PHASE, TWO-SPEED 
SINGLE VOLTAGE 


Single-Phase Motors 
Shaded-Pole Motors 
Split-Phase Motors 
Capacitor Motors 
Supplemental Topic—Repulsion Motors 
Application—Centrifugal Switches 
Application—Resistors 


Application—Motor Winding Lead Terminations 
Summary 
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Review 


OBJECTIVES 


winding and the run winding. 

Describe the operation of a shaded-pole motor. 
Describe the operation of a split-phase motor. 
Describe the operation of a capacitor motor. 


application. 


pe 
More single-phase, AC motors are used for residential applications than 
any other type of motor. Single-phase, AC-motor-driven appliances and 
devices in a typical dwelling include furnaces, air conditioners, refrigera- 
tors, washing machines, dryers, ovens, microwave ovens, clocks, and cool- 
ing fans for computers and stereos. Single-phase motors do not naturally 


have a rotating magnetic field and are named for the method used to 
develop the rotating magnetic field. Single-phase motors include shaded- 
pole, split-phase, and capacitor motors. 
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Explain why there is a difference in current and phase between the start 


Explain the operating characteristics of the different types of single-phase 
motors and why a certain type of motor would be chosen for a certain 
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An A 


OP ECM 


A stator is the fixed, un- 
moving part of a motor, 
consisting of a core and 
windings, that converts 
electrical energy to the 
energy of a magnetic 
field. 


A rotor is the rotating, 
moving part of a motor, 
consisting of a core and 
windings, that converts 
the rotating magnetic 
field of the stator into 
the torque that rotates 
the shaft. 


SINGLE-PHASE MOTORS 


Single-phase power is taken from a utility 
transformer. Single-phase, 120 V/240 V 
power has three conductors, with a potential 
of 240 V between conductors A and B. See 
Figure 8-1. There is a potential of 120 V, 
between conductors A-C and B-C. During 
each cycle, voltage A-C and voltage B-C 
are exactly the same and are equal to half 
of the total voltage A-B. 

No rotation is produced because the 
fields are alternating. As the voltage rises 
from zero to peak and falls back to zero, the 
unlike poles that are formed are attracted 
to each other and resist rotation. A single- 
phase motor must have a method to create a 
rotating magnetic field. Single-phase motor 
types are named for the method used to 
develop the rotating magnetic field. 


AC 
VOLTAGE IN 


POLES ALIGNED 


120 240 
VOLTS VOLTS 


NOTE: Poles are aligned so there is no rotation. 


Figure 8-1. Single-phase motors resist rota- 
tion without some method of creating a rotating 
magnetic field. 


Single-Phase Motor 
Construction 

All motors deliver work by converting elec- 
trical energy to mechanical torque. Single- 
phase motors, like all motors, have a stator 
and a rotor. See Figure 8-2. A stator is the 
fixed, unmoving part of a motor, consisting 
of a core and windings, that converts electri- 
cal energy to the energy of a magnetic field. 
A rotor is the rotating, moving part of a mo- 
tor, consisting of a core and windings, that 
converts the rotating magnetic field of the 
stator into the torque that rotates the shaft. 
Single-phase motors also typically have a 
frame that supports the endbells and bear- 
ings. They may also have a fan connected 
to the motor shaft. 


Single-Phase Motor Stator Construction. 
A single-phase stator is nearly identical to 
a three-phase stator, with the exception that 
some method of creating a rotating field 
must be added to the motor. In many cases, 
a single-phase motor is constructed with 
both a start and a run winding in the stator. 
Both start and run windings are in paral- 
lel, connected to the same source. In other 
cases, one or more capacitors are added to 
the windings, or a shading ring is used to 
cause a rotating magnetic field. 

The stator core is constructed of many 
notched thin sheets (laminations) of steel 
to limit eddy currents. When the sheets are 
stacked and pressed into the stator frame, 
the notches become slots. The slots hold 
the windings in the iron, which become the 
poles that interact with the rotor. The start 
winding is placed 90 mechanical degrees 
from the run windings, allowing the motor 
to start in either direction depending on the 
direction of current in one with respect to 
the other. See Figure 8-3. 


Single-Phase Motor Rotor Construction. 
The rotor of a single-phase motor is the same 
as in an induction squirrel-cage motor. The 
rotor core consists of stacked laminations 
with the slots at the outside of the core. The 
shaft is pressed through a hole in the center of 
the assembly. In many cases, the conductor 
bars are made from molten aluminum forced 
through the slots under pressure. 
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Single-Phase Motor Construction 
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Figure 8-3. The start winding is placed at a 
90° angle to the run winding. 
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Single-Phase Motor Operating | Definition = 


Principles Locked in step is the 


A relationship exists between the stator lack of rotation when 
and rotor of a single-phase motor. See the stator’s field and the 
Figure 8-4. When electrical power is ap- rotor’s field are parallel 
plied to the stator, a magnetic field is pro- o 
duced by the stator windings. The magnetic 
field induces a voltage into the rotor bars. 
This induced voltage causes current to flow 
in each rotor bar. The current flow produces 
a magnetic field in the rotor. The magnetic 
field produces poles on the rotor, which are 
opposite in polarity to the stator poles. 
Regardless of the position the rotor is in 
when power is applied, the rotor may still not 
rotate. The stator field only alternates back 
and forth, and does so at such a rapid rate 
(60 times per second for standard 60 Hz AC) 
that thc rotor’s magnetic field may simply be 
locked in step with the stator’s alternating 
magnetic field and not rotate. 
Locked in step is the lack of rotation 
when the stator’s field and the rotor’s field 
are parallel to one another. Rotation is not 
possible because the magnetic repulsion 
between the two fields is equal for both 
directions of rotation. The force rotating the 
motor clockwise is equal to the force rotating 
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the motor counterclockwise. If the rotor is 
given a spin in one direction or the other, it 
will continue to rotate in the direction of the 
spin. The rotor will then quickly accelerate 
until it reaches a speed slightly less than the 
rated synchronous speed of the motor. 

In order to start automatically, some 
single-phase motors use a start winding. 
The start winding, when present, has 
smaller wire and fewer turns than the 
run winding. It is more resistive and less 
inductive than the run winding. The more 
resistive the circuit, the closer the cur- 
rent is to being in phase with the voltage. 
This allows current to flow in the start 
winding ahead of the run winding. This 
creates a phase shift where the current 
in the start winding leads the current in 
the run winding. This produees a rotating 
magnetic field. 


r VOLTAGE IN STATOR PRODUCES 
MAGNETIC FIELD IN WINDING 


ROTOR BAR 


MAGNETIC FIELD 
INDUCES VOLTAGE 
IN ROTOR 


AC 
VOLTAGE IN 


Figure 8-4. Voltage in the stator produces a 
magnetic field in the winding, which induces 
a voltage in the rotor. 


f Tech Fact 


A run winding has many turns of heavy 
copper wire to develop a high reactance. 
The start winding is smaller and has higher 
resistance. This creates a phase difference 
between the two windings. 


Single-phase motors are typically used in commercial 
applications, such as in banding machines. 


Dual-Voltage Single-Phase Motors. Many 
single-phase motors can be connected for 
either of two voltages. The purpose in 
making motors for two voltages is to en- 
able the same motor to be used with two 
different powcr line voltages. Usually the 
dual-voltage rating of single-phase motors 
is 115/230 V. The nameplate of the motor 
should always be checked for proper volt- 
age ratings. 

In a typical dual-voltage motor, the run 
winding is split into two sections. See Fig- 
ure 8-5. The two sections may be connected 
in series or in parallel. The series connec- 
tion is used for high voltage. The parallel 
connection is used for low voltage. The start 
winding is connected across one of the run 
winding sections. Electrically, all windings 
receive the same voltage when wircd for 
low- or high-voltage operation. 

When there is a choice of which voltage 
to use for a dual-voltage motor, the higher 
voltage is preferred. The motor develops 
the same amount of power for either volt- 
age. However, as the voltagc is doubled 
(115 V to 230 V), the current is reduced by 
half. With half the current, the ampacity of 
conductors is reduced and the installation 
is morc cost-efficient. 
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Figure 8-5. Dual-voltage motors have the run winding split into two sections. 


Reversing Single-Phase Motors. To reverse 
the direction of most single-phase motors, all 
that is necessary is to switch the two start leads 
in the circuit. These leads will be colored black 
and red or marked T5 and T8. Interchanging 
these leads reverses the current and the poles 
in the rotor. This causes the rotor to turn in the 
opposite direction. See Figure 8-6. 


ie Tech Fact 


A universal motor is a motor that can be 
operated on either single-phase AC or DC 
power. Universal motors are the most com- 
mon motors found in residences. The main 
advantages of universal motors are high 
torque, high speed, and small size when 
compared to other AC motors. 
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SGetimition 


A shaded-pole motor is 
an AC motor that uses 
a shaded stator pole for 
Starting. 


A shaded pole is a 
short-circuited winding, 
consisting of a single turn 
of copper wire, that acts 
on only a portion of the 
stator windings. 


A shading coil is a 

single turn of copper 
wire wrapped around 
part of the salient pole of 
a shaded-pole motor. 


Reversing Single-Phase Motors | 


RUN WINDING 


START WINDING 


\ } secro 1 


\ SECTION 2 


TO REVERSE MOTOR, 
INTERCHANGE T5 AND T8 


Figure 8-6. To reverse the motor direction, all that is needed is to interchange the T5 and 


T8 leads. 


SHADED-POLE MOTORS 


A shaded-pole motor is an AC motor that 
uses a shaded stator pole for starting. A 
shaded pole is a short-circuited winding, 
consisting of a single turn of copper wire, 
that acts on only a portion of the stator wind- 
ings. Although the shaded pole produces a 
rotation effect on the rotor, it produces low 
starting torque. For this reason, shaded-pole 
motors are used primarily in applications 
requiring very small loads to be driven. 

Shaded-pole motors are commonly Y20 HP 
or less and have low starting torque. The 
most common application of shaded-pole 
motors is for use as the cooling fan in 
small appliances, such as computers and 
stereos. The only load the motor must 
turn at startup in such applications is the 
fan blade. 


Shaded-Pole Motor Construction 


The stator of a shaded-pole motor is con- 
structed of thin sheets of iron, just as with 
other types of motors. For a shaded-pole mo- 
tor, the stator has two or more salient poles 
that are divided into parts. See Figure 8-7. A 
shading coil is a single turn of copper wire 
wrapped around part of the salient pole of a 
shaded-pole motor. The shading coil creates 
the shaded pole. 


The field coil is placed around part of the 
stator to create a magnetic circuit. With a 
shaded-pole motor, there is no start winding 
as there is with other types of single-phase 
motors. The shaded pole creates the rotating 
magnetic field. 

The rotor of a shaded-pole motor is the 
same as the rotor of a three-phase induction 
motor. It is constructed of thin sheets of 
iron with conductor bars filling the slots. 
The conductor bars are shorted at the ends, 
creating the rotor circuit. The simplicity of 
the design makes the shaded-pole motor a 
reliable and dependable means to power 
small-horsepower loads. 


Shaded-Pole Motor Operating 
Principles 


The function of the shaded pole is to delay 
the magnetic flux in the area of the pole that 
is shaded. Shading causes the magnetic flux 
at the pole area to be about 90 electrical de- 
grees behind the magnetic flux of the main 
stator pole. The two main stator poles are 
180° apart, so the shaded poles are between 
the main poles. See Figure 8-8. 

The shaded-pole motor is unique in that 
the power is applied to the main winding 
to produce flux in the iron core, and the 
shading coil receives its power as a result 
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of transformer action by the motion of 
the flux in the iron. The main pole is at its 
strongest when the current in the main pole 
is at its maximum. 

The shaded pole is its strongest when the a al pad 
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V power for small single-phase motors and 
240 V power for larger single-phase loads. Figure 8-8. The two main stator poles are 180° apart, with the shaded poles 

between the main poles. 
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Figure 8-7. For a shaded-pole motor, the stator has two or more salient poles that are divided into parts. 


As a result of the shaded pole being 90° 
behind the main pole, a rotating magnetic field 
is created. As the magnetic field alternates, the 
shaded poles follow the main poles and create 
north and south poles that are offset from the 


main poles. As a result of the offset field, the | 


rotor moves from the main pole toward the 
shaded pole. See Figure 8-9. 


Reversing Shaded-Pole Motors. Reversing 
a shaded-pole motor is very different from 
reversing the usual single-phase motor. In 
many cases, the rotor must be removed from 
the housing and turned around so that the 
shaft exits the opposite side of the hous- 
ing. This procedure requires switching the 
endbells at the same time. In other cases, 
some shaded-pole motors are wound with 
two main windings that reverse the direction 


Figure 8-9. The rotor moves from the main pole toward the shaded pole. 


of the field. One of the main windings must 
be deenergized and the other main winding 
energized to reverse the motor. 


Speed Control of Shaded-Pole Motor. 
Speed control of shaded-pole motors is ac- 
complished by adding windings in series 
with the main winding. As the windings are 
added in series, the source voltage is divided 
across each winding, and the current is re- 
duced. This lowers the flux in the iron core, 
and the slip increases. Slip in the shaded 
pole is not a problem, as the current in the 
stator is not controlled by a countervoltage 
determined by the rotor speed, as in other 
types of single-phase motors. The greater 
the number of windings inserted in series 
with the main winding, the greater the slip 
and the slower the speed. 


SPLIT-PHASE MOTORS 


A split-phase motor is a single-phase AC 
motor that includes a run winding and a 
resistive start winding that creates a phase- 
shift for starting. The two windings are 
placed in the stator slots and spaced 90° 
apart. The split-phase motor is one of the 
oldest and most common motor types. It is 
used in applications such as fans, business 
machines, machine tools, and centrifugal 
pumps, where starting is easy. Split-phase 
motors are generally available in sizes 
ranging from 0 HP to 1⁄2 HP. 


Split-Phase Motor Construction 


A split-phase motor has a stator constructed 
with a run winding and a start winding. See 
Figure 8-10. A split-phase motor has a rotor 
similar to a squirrel-cage rotor. In addition, 
a centrifugal switch is located inside the 
motor. The centrifugal switch is used to 
disconnect the start winding as the motor 
approaches full-load speed. 


Split-Phase Motor Windings. The run 
winding is made of larger wire and has a 
greater number of turns than the start wind- 
ing. When the motor is first connected to 
power, the reactance of the run winding is 
higher and the resistance is lower than the 
start winding. /nductive reactance is the 
opposition to the flow of AC in a circuit due 
to inductance. 

The start winding is made of relatively 
small wire and has fewer turns than the run 
winding. When the motor is first connected 
to power, the reactance of the start winding 
is lower and the resistance is higher than in 
the run winding. 


Centrifugal Switches. To minimize energy 
loss and prevent heat buildup in the start 
winding once the motor is started, a cen- 
trifugal switch is used to remove the start 
winding when the motor reaches a set speed. 
A centrifugal switch is a switch that opens to 
disconnect the start winding when the rotor 
reaches a certain preset speed and reconnects 
the start winding when the speed falls below 
a preset value. In most motors, the centrifugal 
switch is located inside the enclosure on the 
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shaft. See Figure 8-11. For some motors, the 
centrifugal switch is located outside the enclo- 
sure for easier repair. For example, switches 
for motors used on washers and dryers are 
located outside the enclosure. 


Split-Phase Motors 
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START WINDING 


Figure 8-10. A split-phase motor has a stator constructed with a start winding 


and a run winding. 
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Figure 8-11. A centrifugal switch opens the start winding when the motor 


reaches a preset speed. 
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feHritisn 


A split-phase motor is a 
single-phase AC motor 
that includes a run wind- 
ing and a resistive start 
winding that creates a 
phase-shift for starting. 


Inductive reactance is 
the opposition to the flow 
of AC in a circuit due to 
inductance. 


A centrifugal switch 

is a switch that opens 
to disconnect the start 
winding when the rotor 
reaches a certain preset 
speed and reconnects 
the start winding when 
the speed falls below a 
preset value. 


A capacitor motor is a 
single-phase motor with 
a capacitor connected 
in series with the start 
windings to produce 
phase displacement in 
the start winding. 


A capacitor is a device 
that stores an electric 
charge. 


Split-Phase Motor Operating 
Principles 

When power is first applied, both the run 
winding and the start winding are ener- 
gized. Because of their different inductive 
reactances, the run winding current lags the 


start winding current. This produces a phase ` 


difference between the start and run wind- 
ings. A 90° phase difference is required to 
produce maximum starting torque, but the 
phase difference is commonly much less. A 
rotating magnetic field is produced because 
the two windings are out of phase. 

When the motor reaches approximately 
75% of full speed, the centrifugal switch 
opens, disconnecting the start winding 
from the circuit. This allows the motor to 
operate using the run winding only. When 
the motor is turned OFF (power removed), 
the centrifugal switch recloses at approxi- 
mately 40% of full-load speed. 


Reversing Split-Phase Motors. To reverse 
the direction of rotation of a split-phase mo- 
tor, the connections of either the start or the 
run windings are reversed. If both the start 
and the run windings are reversed, the motor 
will not change direction of rotation. Revers- 
ing the start winding is the standard method 
used in industry for reversing the direction 
of rotation of a single-phase motor. 


Speed Control of Split-Phase Motors. The 
speed at which a split-phase motor runs is 
determined by the number of poles in the mo- 
tor and the frequency of the supply voltage. 
Since the frequency of split-phase motors 
is almost always fixed, the speed is usually 
changed by changing the number of poles. To 
change the frequency of the supply voltage, 
an expensive motor drive is required. 

In a typical two-speed, split-phase mo- 
tor, two run windings and one start winding 
are used to develop two separate speeds. As 
the number of poles is increased, the speed 
of the motor is decreased. As the number of 
poles is decreased, the speed of the motor 
is increased. See Figure 8-12. 

A two-speed, split-phase motor is com- 
monly wound to run on either six or eight 
poles. When the motor is connected to six 
poles, the synchronous speed is 1200 rpm, and 


the actual speed is about 1152 rpm. When the 
motor is connected to eight poles, the synchro- 
nous speed is 900 rpm and the actual speed is 
about 864 rpm. A double-contact centrifugal 
switch is used in the circuit. The motor starts 
on the high-speed run winding, regardless of 
which speed is selected by the starting switch. 
However, when the starting switch is set for 
low speed, the centrifugal switch disconnects 
the high-speed run winding and connects the 
low-speed run winding after the motor has 
reached a set speed. 

The number of poles may be changed, 
providing two or three different possible 
speeds. Two-speed motors are the most com- 
mon. However, three-speed motors are often 
used for washing machines and fans. 


CAPACITOR MOTORS 


A capacitor motor is a single-phase motor 
with a capacitor conneeted in series with the 
start windings to produce phase displace- 
ment in the start winding. A capacitor is 
a device that stores an electric charge. A 
capacitor motor introduces capacitance into 
an AC circuit to create a phase shift between 
the start and the run windings. 


Capacitor Motor Construction 


A capacitor motor is similar in design to 
a split-phase motor. Both of these motors 
have a start and run winding, but the ca- 
pacitor motor has a capacitor connected in 
series with the start winding. The capacitor 
is added to provide a higher starting torque 
at lower starting current than is delivered by 
the split-phase motor. Typical applications 
of capacitor motors include refrigerators, 
air conditioners, air compressors, and some 
power tools. These loads are harder to start 
and require more starting torque than a split- 
phase motor produces. 

Capacitor motors have a winding that is 
more reactive and less resistive than a split- 
phase motor. It is wound with larger wire 
and more turns, which will produce a much 
stronger pole in the rotor. The reactive start 
winding then is connected to the capacitor 
to provide the phase shift. 


Speed Control of Split-Phase M 
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Figure 8-12. As the number of poles is increased, the motor speed is decreased. 


The capacitors used to start motors are 
electrolytic capacitors. See Figure 8-13. 
The large value of capacitance in a small 
package means that starting capacitors 
cannot be left in circuit after startup and a 
centrifugal switch is used to disconnect the 
capacitor. In some motor designs, capacitors 


are designed to remain in the circuit during 
operation. These capacitors are oil-filled 
and have a low value of capacitance when 
compared to the start capacitor. If a ca- 
pacitor is replaced during maintenance, the 
replacement must be the same capacitance 
as the original. 


ELECTROLYTIC 


OIL-FILLED 


Figure 8-13. Electrolytic capacitors are used 
as starting capacitors. Oil-filled capacitors are 
used as running capacitors. 


Capacitor Motor Operating 
Principles 


In a capacitor motor, the capacitor causes 
the start winding current to lead the applied 
voltage by about 40°. The run winding 
current lags the applied voltage by about 
50° because of the high inductance of the 
coil. See Figure 8-14. Since the start and 
run windings are about 90° out of phase, the 
motor’s operating characteristics are improved. 
A higher starting torque is produced, and the 
motor has a better power factor with a lower 
current draw. Three types of capacitor motors 
are the capacitor-start motor, capacitor-run 
motor, and the capacitor start-and-ran motor. 
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Figure 8-14. In a capacitor motor, the start 
current and the run current are about 90° out 
of phase with each other. 


Btech Fact a 


The simplest single-phase motors for indus- 
trial use are split-phase motors. Split-phase 
motors have`a simple design with a start 
winding and a run winding, but generally 
are not used for applications with high 
starting torque. Capacitor motors are more 
expensive, but typically have more starting 
torque and can be used in many industrial 
applications. 


Capacitor-Start Motors 


The capacitor-start motor is the most com- 
mon type of capacitor motor. With the 
capacitor in the circuit, the capacitor-start 
motor develops considerably more locked- 
rotor torque per ampere than the split-phase 
motor. A capacitor-start motor operates 
much the same as a split-phase motor, in 
that it uses a centrifugal switch that opens 
at approximately 60% to 80% of full-load 
speed. See Figure 8-15. In a capacitor-start 
motor, the start winding and the capacitor 
are removed when the centrifugal switch 
opens. The larger wire used in the start 
winding gives a capacitor-start motor high 
starting torque. 


Capacitor-Start Motors 
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SWITCH 
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Figure 8-15. In a capacitor-start motor, the centrifugal switch opens and 
removes the capacitor and start winding from the circuit. 


Although a capacitor-start motor devel- 
ops more starting torque than a split-phase 
motor, both motor types are the same when 
running because the capacitor and start 
windings are removed from the circuit 
when the motor comes up to speed. For 
this reason, the capacitor-start motor is 
also known as a capacitor-start induction 
run motor. Capacitor-start motors are typi- 
cally used to drive power tools, pumps, and 
small machines. 


Reversing Capacitor-Start Motors. A 
capacitor-start motor is reversed in the 
same way as a split-phase motor, with the 
current in the start winding and the run 
winding being reversed with respect to 
each other. If the motor is to be reversed 
often as part of its operation, then a drum 
switch or foot switch can be used to reverse 
the current through the start with respect 
to the run windings. 


Speed Control of Capacitor-Start Mo- 
tors. A two-speed capacitor-start motor 
functions the same as a split-phase multi- 
speed motor, except that the capacitor that 
is in series with the start winding provides 
more torque. If this motor has two run 
windings and one start winding, it will start 
on the high speed even though the selector 


switch is set to the low speed. When the 
motor gets up to speed and the centrifugal 
switch opens, the low-speed winding will 
be energized and the motor will run at the 
slower speed. 


Capacitor-Run Motors 


A capacitor-run motor has the start wind- 
ing and capacitor connected in series at all 
times. See Figure 8-16. A capacitor-run 
motor is also known as a permanent split- 
capacitor motor. A smaller capacitor is used 
in a capacitor-run motor than in a capacitor- 
start motor because the capacitor remains 
in the circuit at full-load speed. 

Since there is no centrifugal switch, 
the start winding is not removed as the 
motor speed increases. The capacitor-run 
motor has a lower full-load speed than the 
capacitor-start motor because the capaci- 
tor remains in the circuit at all times. The 
advantage of leaving the capacitor in the 
circuit is that the motor has more running 
torque than a capacitor-start motor or split- 
phase motor. This allows a capacitor-run 
motor to be used for loads that require a 
higher running torque, such as to drive 
shaft-mounted fans and blowers ranging in 
size from 46 HP to % HP. 
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Figure 8-16. In a capacitor-run motor, the capacitor and start winding remain 


in the circuit at all times. 


Bech Fact 


Capacitor-run motors have the start winding 
and run winding connected at all times. 
They do not need a centrifugal switch to 
remove the start winding, thus increasing 
the running torque. 
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Speed Control of Capacitor-Run Motors. 
A multispeed capacitor-run motor does not 
change speed by changing the number of 
poles, but rather by adding impedance to 
the run winding and increasing the slip. 
Capacitor-run motors are available as two- 
or three-speed motors with the addition 
of auxiliary windings that are placed in 
series with either the start or the run wind- 
ings. The two-speed motor has a selector 
switch that places the auxiliary winding in 
series with the start winding when it is in 
the high-speed position. See Figure 8-17. 
This places the source voltage across the 
run and the combination of the start and 
the auxiliary winding, which allows the 
rotor to turn at the synchronous speed 
minus the slip. 

When the selector is placed in the low 
position, the auxiliary winding is placed 
in series with the run winding. This places 
the source voltage across the start and the 
combination of the auxiliary and the run 
winding. This reduces the current through 
the run winding. The reduced current lowers 
the flux in the stator and reduces the pole 
strength, increasing the slip and decreasing 
the speed of the rotor. 
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AUXILIARY 
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Figure 8-17. In a two-speed capacitor-run motor, an auxiliary winding can be placed in series 


with the start winding for high-speed operation. 


The addition of a second auxiliary wind- 
ing creates a three-speed version of the mo- 
tor. See Figure 8-18. This further reduces 
the stator flux and increases the slip. With 
the selector placed in the high-speed posi- 
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Even though the starting torque of a capaci- 
tor-run motor is less than the starting torque in 
a capacitor start-and-run motor, its lower cost 
makes this type an attractive choice as long as 
operational requirements are satisfied. 


tion, the source voltage is placed across the 
run and the combination of the two auxiliary 
windings and the start winding. This allows 
the rotor to run at the synchronous speed 
minus the slip. As the auxiliary windings 
are placed in series with the run windings, 
the rotor slows, with the added impedance 
reducing the stator current. The slow speed 
places both of the auxiliary windings in 
series with the run winding, and the motor 
runs at its slowest speed. 


Three-Speed Capacitor-Run Motors 
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Reversing Capacitor-Run Motors. To WINDING 2 


reverse a capacitor-run motor, the capaci- 
tor is switched from one winding to the 
other. The start and the run windings are 
identical to each other in this type of mo- 
tor. Whichever winding has the capacitor 
connected to it is the start winding, as 
current flows in this winding first and 
controls the direction. 


START WINDING 


AUXILIARY 
WINDING 1 


RUN WINDING 


Figure 8-18. Two auxiliary windings are used for a three-speed capacitor- 
run motor. 


Capacitor Start-and-Run Motors 
A capacitor start-and-run motor uses two 
capacitors. It is also known as a dual- 
capacitor motor. A capacitor start-and-run 
motor has two capacitors in parallel with 
each other and both in series with the 
start winding. See Figure 8-19. A larger 
capacitor is used for starting and a smaller 
capacitor is used for running. A capacitor 
start-and-run motor has a centrifugal switch 
that disconnects the large capacitor that is 
in series with the start winding. The start 
winding is left in the circuit to increase the 
running torque. 

A capacitor start-and-run motor has the 
same starting torque as a capacitor-start 
motor. However, the capacitor start-and- 
run motor has more running torque than 
the capacitor-start or capacitor-run motor. 
This is because the start winding is left in 
the circuit. Capacitor start-and-run motors 


are typically used to run refrigerators and Figure 8-19. A capacitor start-and-run motor has one capacitor in series with 
air compressors. the start winding and one capacitor in series with the run winding. 
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Repulsion Motors 


A repulsion motor is a single-phase motor 
without a rotating magnetic field, where the 
rotor winding is connected to a commuta- 
tor with two short-circuited brushes. In a 
squirrel-cage induction motor, an induced* 
rotor pole rotates in order to “catch up” with 
the unlike rotating stator pole. Repulsion 
motors use a wound rotor instead of a 
squirrel-cage rotor. The stator has salient 
poles that produce the required magnetic 
poles to induce rotor current. The induced 
rotor current produces like poles relative to 
the stator poles. Since the poles in the rotor 

“and stator are alike, they are repelled, or 
repulsed, from each other. 


The rotor includes brushes and a com- 
mutator. The brushes are not used to con- 
duct line power to the rotor. The brushes are 
shorted together to provide a conducting 
path between selected commutator seg- 
ments. This is similar to the operation of 
the shorting ring of a squirrel-cage rotor. In 
some designs, the brushes are permanently 
in contact with the commutator. In other 
designs, the rotor accelerates and, when 
it reaches about 75% of its synchronous 
speed, a centrifugal device lifts the brushes 
off the commutator. 


A hard neutral position is an orientation 
in arepulsion motor where the brushes are 
aligned directly with stator poles. Current 
is induced in the armature windings by the 
changing stator field and produces like 
poles between the rotor and stator. A rotat- 
ing magnetic field is not present. Since the 
poles are exactly aligned, the rotor cannot 
rotate from the hard neutral position. 


HARD NEUTRAL 
PESTON 


BUSHES SHORTED 
TOGETHER 


STATOR SALIENT POLE 


A soft neutral position is an orien- 
tation in a repulsion motor where the 
brushes are aligned 90° from the stator 
poles. There is no induced current be- 
cause the stator and rotor poles are at 
right angles to each other. Since there 
is no induced current, the rotor does 
not rotate. 


If the brushes shift about 15° to 17° 
from the hard neutral position, unlike 
poles of the stator and rotor repel each 
other, and the rotor rotates due to the 
repulsion between the magnetic fields. 
Markings on the endbell indicate the 
correct location for the brushes. The rotor 
rotates in the direction of the brush shift. 
If the brush is shifted counterclockwise 
from hard neutral position, the rotor ro- 
tates counterclockwise. 


The motor can also start from the soft 
neutral position by shifting the brushes. 
However, starting torque is greatly 
reduced since the repelling magnetic 
fields are further apart. Repulsion motors 
should be started at an angle relative to 
the hard neutral position. 


Due to the use of a commutator, 
brushes, and centrifugal mechanism 
to short-circuit the commutator and 
lift the brushes, repulsion motors are 
more expensive and require greater 
maintenance than other types of motors. 
Because of the higher cost for repulsion 
motors, capacitor-start motors are typi- 
cally chosen over repulsion motors when 
high starting torque is required. 


ROTOR COIL 


BRUSH 
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Application — Centrifugal 
Switches 


A centrifugal switch removes the capacitor | 

from the circuit after the motor acceler- | | 
$ i BLEEDER 

ates in a capacitor-start motor. In normal | m RESISTOR 

applications, the charged capacitor slowly | i LARGE CAPACITOR 

discharges as the motor runs. In rapid cy- | IN SERIES WITH 

cling applications, the capacitor is added Se ye 

back to the circuit before it is discharged. 

The charged capacitor causes arcing and 

welding on the contacts of the centrifugal 

switch. In rapid cycling applications, a bleeder 

resistor is connected across the terminals of 

the starting capacitor to bleed off the electric 

charge that is stored in the capacitor. 


CENTRIFUGAL | 
sÁ SWITCH 


Application — Resistors j START 
The value of the resistor must be low enough 
to bleed the stored charge, but high enough 
not to interfere with starting the motor. Most 
bleeder resistors are between 12,000 Q and 
20,000 Q, and are rated at 2 W. If a motor 
manufacturer does not specify a value, a 
15,000-Q resistor is used. lf the motor ap- 
plication requires fast cycling, a 12,000-Q 
resistor is used. — ——— 
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Application— Single-Phase AC 
Motor Terminal Designations 


Manufacturers use different terminal and 
wire designations for single-phase motors. 
Most single-phase motors and their auxiliary 
devices, such as capacitors, starting switch- 
es, and thermal protection, placed in opera- 
tion over the past few years use standard 
letters, numbers, and colors. Capacitors are 
labeled with the letter J and a number, the 
supply line with the letter L and a number, 
the stator terminations with the letter T and 
a number, and thermal protection devices 
with the letter P and a number. 


Capacitor— J1, J2, J3, J4, etc. 
Supply line— L1, L2, L3, L4, etc. 
Stator— T1, T2, T3, T4, etc. 


Thermal protection device— P1, P2, 
P3, P4, etc. 


The wires used in single-phase motors 
are assigned specific colors: 


T1— Blue T5— Black 

T2— White T8— Red 

T3— Orange P1— No color assigned 
T4— Yellow P2— Brown 


Single-Voltage Designations 

On single-voltage, single-phase motors, T1 
and T4 are assigned to the run winding, and 
T5 and T8 are assigned to the start winding 
(if present). 


SINGLE-VOLTAGE SUPPLY 
RUN 


SINGLE-VOLTAGE MOTOR 


Dual-Voltage Designations 


On dual-voltage motors in which the run 
winding is divided into two parts, one half 
of the winding is designated T1 and T2, and 
the other half is designated T3 and T4. One 
half of the start winding is designated T5 
and T6, and the other half is designated T7 
and T8 (if used). If only two wires are used 
for the start winding, they are designated 
T5 and T8. 


SECTION 2 
SECTION 1 


DUAL-VOLTAGE MOTOR 


Mixed Numbers and Colors 


Some manufacturers mix numbers and col- 
ors. Typically, the run winding is designated 
T1, T2, etc., and the start winding is desig- 
nated with a color. Red and black are com- 
monly used to designate start windings. 


SECTION 2 
SECTION 1 


Application—Motor Winding 
Lead Terminations 


Motor winding leads are terminated outside a 
motor or in a terminal box on a motor. Motors 
with winding leads terminated outside the 
motor are used in machines that include the 
motor as part of other equipment. Applications 
include central air conditioners, furnaces, and 
portable equipment. The advantage is that the 
motor is connected to other devices through a 
terminal strip. The terminal strip includes other 
wiring, such as the control circuit. 


Motors with winding leads terminated 
inside a terminal box mounted on the motor 
are the most common. The power lines are 
brought to the motor through conduit or cable 
connected to the terminal box. Wiring meth- 
ods inside a terminal box include direct wire, 
terminal post, and terminal post with links. 


Direct Wire 


The motor winding leads are connected 
to the power lines using wire connectors 
(nuts) in the direct wire method. The wires 
are then pushed inside the terminal box. 
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Terminal Post 


The terminal post method is the most com- 
mon terminal box wiring method. The ends 
of the motor winding leads and power lines 
have terminal bolt or spade lugs. The ends 
of motor winding leads that require periodic 
changing have spade lugs. The terminal 
bolt lugs are connected to terminal posts. 
The terminal bolt lugs are placed under the 
bolt on the terminal post and tightened. The 
spade lugs are connected to spade posts. 
The spade lugs are designed to be easily 
connected to the spade post, which permits 
easy motor direction changes. 


Terminal Post with Links 


The motor winding leads from the motor 
are connected to terminal posts inside the 
terminal box. The terminal posts are evenly 
spaced to allow connection of predrilled 
links. The links are used as jumpers to 
change motor direction. The links are added 
by removing the terminal bolt, placing the 
link over the terminal post, and reconnecting 
the terminal bolt. 
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ə A start winding has higher resistance and lower reactance than a run winding. The start winding is resistive at 
startup. The run winding is reactive at startup. 


e A resistive circuit has no phase shift between voltage and current. A reactive circuit has a phase shift between 
voltage and current. This creates a phase shift between the current*in the two windings. 


e Shaded-pole motors use a shading coil to act as a transformer and develop a rotating stator magnetic field. 


e Shaded-pole motors develop very low starting torque. They are commonly used in very easy-to-start loads such 
as small fans and blowers. 


e Split-phase motors use a start winding and a run winding to develop a rotating stator magnetic field. 


° Split-phase motors develop low starting torque. They are commonly used in easy-to-start loads such as fans, 
business machines, machine tools, and centrifugal pumps. 


e Split-phase motors use a centrifugal switch to remove the start winding from the circuit after the motor gets up 
to speed. 


¢ Capacitor motors use a start winding, run winding, and a capacitor to develop a rotating stator magnetic field. 


¢ Capacitor motors develop medium to high starting torque. They are commonly used in hard-to-start loads such 
as refrigerators, air conditioners, air compressors, and some power tools. i 


e Capacitor-start motors use a centrifugal switch to remove the capacitor from the circuit after the motor gets 
up to speed. They develop a high starting torque because of the large capacitance in the start winding. They 
develop a medium operating torque because the starting capacitor is removed after startup. 


¢ Capacitor-run motors do not remove the capacitor from the circuit during operation. They develop a medium 
starting torque because a smaller capacitor is used than in other types of capacitor motors. They develop a high 
operating torque because the starting capacitor is left in the circuit at all times. 
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A stator is the fixed, unmoving part of a motor, consisting of a core and windings, that converts electrical energy 
to the energy of a magnetic field. 


A rotor is the rotating, moving part of a motor, consisting of a core and windings, that converts the rotating mag- 
netic field of the stator into the torque that rotates the shaft. 


Locked in step is the lack of rotation when the stator’s field and the rotor’s field are parallel to one another. 
A shaded-pole motor is an AC motor that uses a shaded stator pole for starting. 


A shaded pole is a short-circuited winding, consisting of a single turn of copper wire, that acts on only a portion 
of the stator windings. 


A shading coilis a single turn of copper wire wrapped around part of the salient pole of a shaded-pole motor. 


A split-phase motor is a single-phase AC motor that includes a run winding and a resistive start winding that 
creates a phase-shift for starting. 


Inductive reactance is the opposition to the flow of AC in a circuit due to inductance. 


A centrifugal switch is a switch that opens to disconnect the start winding when the rotor reaches a certain preset 
speed and reconnects the start winding when the speed falls below a preset value. 


A capacitor motor is a single-phase motor with a capacitor connected in series with the start windings to produce 
phase displacement in the start winding. 


A capacitor is a device that stores an electric charge. 


Review 


1. Compare a start winding to a run winding. 

2. Describe how a phase shift is created when a start winding is used along with the standard run winding. 

3. Describe how a shading coil creates a phase shift in a shaded-pole motor. 

4. Explain why a centrifugal switch is used in single-phase motors. 

5. Explain why a capacitor is used in addition to a start winding in capacitor motors. 

6. Describe the differences in starting torque in shaded-pole, split-phase, and all three types of capacitor motors. 
7. Give two examples of loads that can be started with a split-phase motor. 


8. Describe the difference between a capacitor-start and a capacitor-run motor. 


Refer to the CD-ROM 
for Quick Quiz questions 
related to chapter content. o 
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e Describe the construction of an alternator. 

e Describe the differences between a revolving-field alternator and a 
revolving-rotor alternator. 

e Describe how the output voltage and frequency are controlled in an 
alternator. 

e List and explain the steps in producing AC power from an alternator. 

e List the parameters to match and explain how to parallel two or more 
alternators. 


The rotating field in the three-phase motor originates at an alternator in a 
generating station that is connected to a grid system. This system covers 
hundreds of square miles and has many generating plants connected to 
provide the necessary: power for a large area. All of the alternators are 


synchronized so that all of the power has the same phasing and peaks at 
the same time. 
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Definition 


ee 


An alternator is a 
synchronous machine 
that produces alternating 
current (AC). 


A stator is the fixed 
unmoving part of a 
generator, consisting 
of a core and windings, 
that converts the energy 
of a magnetic field into 
electrical energy. 


AC Alte 


ALTERNATOR CONSTRUCTION 


Analternator is a synchronous machine that 
produces alternating current (AC). Strictly 
speaking, rotors and stators are found in AC 
equipment, and field frames and armatures 
are found in DC equipment. Alternators pro- 
duce AC power and generators produce DC 
power. However, in common usage, portable 
AC alternators are often called generators, 
and utilities operate power generators. The 
rotor in an AC alternator may also be called 
an armature, even though the term rotor is 
more correct. 

- The magnetic field in an alternator can 
be produced by permanent magnets or 
electromagnets. Most alternators use elec- 
tromagnets, which must be supplied with 
current. When the rotor is rotated, a voltage 
is generated in each half of a coil. The rotor 
may consist of many coils. 

A common alternator design consists of a 
stator with field windings, a rotor, slip rings, 
and brushes. See Figure 9-1. Similar to an 
AC motor, a stator is the fixed part of an alter- 
nator that supplies a magnetic field through 
the field windings. The rotor is the rotating 
coils of wire in the center of an alternator that 
rotate through the magnetic field. Alternators 
range in size from very small units delivering 
only a few watts to very large utility genera- 
tors delivering megawatts of power. 
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Figure 9-1. A common alternator design consists of a stator with field wind- 
ings, a rotor, slip rings, and brushes. 


Stator Construction 


A stator is the fixed unmoving part of a 
generator, consisting of a core and windings, 
that converts the energy of a magnetic field 
to electrical energy. See Figure 9-2. The sta- 
tor is enclosed within a housing made of cast 
iron, rolled steel, or cast aluminum. The core 
consists of many thin iron sheets laminated 
together, pressed into a frame, and secured 
in place. An insulating coating electrically 
separates the iron sheets from each other. The 
separation reduces the cross-sectional area of 
the core and reduces the conduction path for 
damaging eddy currents. 

The windings consist of coils of copper 
wire placed in slots 120 electrical degrees 
apart. The windings are well insulated and 
can tolerate high voltage and high current. For 
smaller stators, the stator coils are assembled 
into one component. During maintenance, the 
entire motor must be removed and replaced. 
For larger stators, the coils are individually 
constructed and connected. These coils are 
form wound from rectangular wire. The end 
of each coil is made so that it can be bolted to 
the next one. This facilitates in-field replace- 
ments by eliminating the need to remove the 
stator and completely rewind it. 


WINDINGS 


Figure 9-2. The stator consists of a core and 
windings. The stator is enclosed in a housing 
that includes feet for mounting. 
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Larger stators may be mounted within a 
¢st-iron frame or a welded steel ring. Feet 
iœ typically welded to the frame to provide 
-choring points that allow the alternator to 
` mounted to the floor. 


otor Construction 


_ rotor is the rotating moving part of an 
dernator or generator, consisting of a core 
d windings, that convert torque to mag- 
ptic energy. Like the stator, the rotor core 
onsists of many thin iron sheets laminated 
gether. Torque is a turning or twisting 
rce that causes an object to rotate. In a 
immon alternator design, torque is applied 

the rotor to move the rotor windings and 
eir magnetic fields past the stator wind- 
gs. This provides the relative motion that 
needed to induce AC current in the stator 
indings. See Figure 9-3. 

A rotor uses brushes and slip rings to al- 
w current to flow through the rotor circuit. 
brush is held in a brush holder and is free 

move up and down in the holder. This 
dows the brush to follow irregularities in 
e surface of the slip ring. Brush holders 
-e mounted on the motor frame, but they 
e electrically insulated from it. A spring 
_aced behind a brush forces the brush to 
iake contact with the slip ring. The spring 
essure is usually adjustable. A pigtail con- 
cts the brush to the power supply. Some 
2signs do not use brushes and slip rings. 
dese designs use a brushless exciter. 


entrifugal Force. Whenever rotating objects 

ch as motors and generators are designed, 
‘ntrifugal force must be taken into account. 
entrifugal force is larger for high-speed ro- 
tion and large diameters and is smaller for 
w-speed rotation and small diameters. 

For large generators rotating at less than 
yout 450 rpm, the centrifugal force is rela- 
vely small. Large, slow-moving, multipole 
enerators are typically constructed with 
lient poles. The salient poles are mounted 
ato a spider ring that is attached to the ro- 
ir shaft so that the entire assembly rotates. 
he poles are bolted to the ring, which is 
sually made of cast iron. 


| Definition 


A rotor is the rotat- 
CONDUCTOR ing moving part of an 
tn alternator or generator, 
consisting of a core and 
windings, that convert 
torque to magnetic energy. 


To is a turni 
MAChErc rque is a turning or 
LINES twisting force that causes 
OF FORCE an object to rotate. 


CONDUCTOR 
LOOP (ROTOR) 


MAGNETIC 
LINES 
DIRECTION OF OF FORCE 
APPLIED TORQUE 


FRONT VIEW 


Figure 9-3. Torque is applied to the rotor to 
provide the relative motion between the con- 
ductor and the magnetic lines of force. 


At speeds higher than about 450 rpm, the 
increased centrifugal forces become more 
significant and the spider ring has a dovetail 
groove into which the salient poles slide. See 
Figure 9-4. The dovetail provides a stronger 
attachment than bolts. For high-speed motors 
rotating faster than about 1800 rpm, rotors 
are designed without salient poles. In addi- 
tion, a reduced diameter is used for the core. 
The reduced diameter is necessary because 
of the increased centrifugal force developed 
at higher speeds. 
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Figure 9-4. A salient pole is mounted on a spider ring. 


‘Definition 


A revolving-field alterna- 
tor is an alternator where 
a magnetic field is created 
in the rotor, which turns 
within the fixed stator 
windings, and AC power 
is supplied through the 
stator windings. 


An exciter generator is an 
assembly consisting of a 
small three-phase alterna- 
tor used to supply current 
to an alternator rotor. 


A brushless exciter is 

a rectifier assembly 
mounted on the main 
rotor shaft along with the 
exciter generator. 


OPERATING PRINCIPLES 


All alternators operate on the same principle 
ofinduction as is used in an induction motor 
or a transformer. The three requirements for 
induction are a conductor, a magnetic field, 
and relative motion between the conductor 
and the magnetic field. 


Revolving-Field Alternators 


A revolving-field alternator is an alternator 
where a magnetic field is created in the rotor, 
which turns within the fixed stator windings, 
and AC power is supplied through the stator 
windings. Revolving-field alternators are 
commonly used by utilities that generate high- 
voltage power. Fixed stator wiring overcomes 
the disadvantage of using brushes and slip 
rings, which limit power output. Excessive 
arcing occurs at the brushes and slip rings 
when high levels of current are present. 

The magnetic field is developed by sup- 
plying DC to the rotor through the brushes 
and slip rings or with a brushless exciter. As 
current is supplied to the rotor, north and 
south fields are set up that expand outward 


ae 


DOVETAIL 


into the stator windings and cut the stator 
conductors. When poles of different polarity 
pass the stationary stator conductors, an AC 
voltage is induced into the stator windings. 

An exciter generator is mounted on the 
shaft. See Figure 9-5. An exciter generator 
is an assembly consisting of a small three- 
phase alternator used to supply current to 
an alternator rotor. The AC power from the 
exciter is rectified and supplied to the main 
rotor fields. A brushless exciter is a rectifier 
assembly mounted on the main rotor shaft 
along with the exciter generator. The exciter 
rotor spins in a DC field supplied by a sta- 
tionary set of magnets that are mounted in 
the end bell and surround the exciter rotor. 
These coils are fed from the voltage regula- 
tor, so the output voltage of the alternator 
can be controlled by varying the current to 
the exciter. 


tech Fact 


Alternating current is used because it 
allows efficient transmission of electrical 
power between power generating stations 
and end users located far apart. 


Exciter Generators 
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Figure 9-5. An exciter generator supplies current to the rotor to control the strength of the 


magnetic field. 


Revolving-Rotor Alternators 


A revolving-rotor alternator is an alternator 
where a fixed magnetic field is created in 
the stator, with the rotor turning within the 
stator, and AC power is supplied through 
the rotor slip rings and brushes. In the past, 
revolving-rotor alternators were commonly 
designed for low-voltage alternators. This 
design is not as common today. Revolv- 
ing-rotor alternators work well for lower 
voltages and currents but cannot handle 
large voltages and currents because of the 
difficulty of insulating the slip rings, brush 
holders, and brushes from flashover at 
higher voltages. AC power is supplied to the 
load through slip rings and brushes mounted 
on the shaft. The brushes are held in place 
and supported by brush holders. 


AC Alternator Output Voltage 

The voltage output of an AC alternator must 
be kept constant. Most loads are designed to 
operate at the specified voltage of the power 


system. A voltage that is too low can cause 
inductive loads to draw excessive current. A 
voltage that is too high can cause damage to 
equipment. Output voltages of commercial 
AC generators are typically in the range 
of 2 kV through 4 kV, but can have output 
voltages as high as 22 kV. 

The three factors controlling the output 
voltage of an alternator are the length of wire, 
the speed of the rotor, and the strength of the 
magnetic field. The wires are wound around 
the pole and can be very long. These wires are 
cut by magnetic lines of force and each turn 
adds to the voltage. In other words, the voltage 
is proportional to the number of turns. 

When an alternator is designed, its speed 
and coil geometry are fixed. The only factor 
that can be controlled in the field is the flux 
density in the rotor. At any given speed, an 
increase in flux density produces an increase 
in voltage output. 

The field windings are magnets or 
stationary windings used to produce the 
magnetic field in an alternator or motor. 


| Definition 


A revolving-rotor alter- 
nator is an alternator 
where a fixed magnetic 
field is created in the sta- 
tor, with the rotor turn- 
ing within the stator, and 
AC power is supplied 
through the rotor slip 
rings and brushes. 


The field windings are 
magnets or stationary 
windings used to produce 
the magnetic field in an 
alternator or motor. 
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Most of the alterna- 
tors in service today 
are self-excited, with 
the output from the 
stator connected to the 
voltage regulator. The 
output is controlled 
this way to protect the 
alternator from over- 
loads. For a separately 
excited alternator, the 
load does not affect 
the exciter output and 
the alternator could be 
damaged by a large 
overload. 


The magnetic field can be produced by 
permanent magnets or by electromagnets. 
Most alternators use electromagnets, which 
must be supplied with current. Ina common 
design of a revolving-field alternator, DC 
is supplied to the rotor windings through 


the brushes and slip rings. As current is ` 


supplied to the rotor, north and south poles 
are created. The field at the poles expands 
outward into the stator windings and cuts 
the stator conductors. This induces AC volt- 
age and current in the stator conductors. 

The current from the exciter generator 
can be varied to change the strength of 
the north and south poles in the rotor. This 
changes the flux density and the output 
voltage from the stator. A voltage regulator 
is used to control the main alternator volt- 
age. The voltage regulator senses the output 
from the main alternator and varies the field 
supply of the small alternator that supplies 
current to the electromagnets. 


AC Alternator Output Frequency 
and Rotor Speed 


The frequency output of an AC alternator 
must be kept constant. Many loads are de- 
signed to operate at the specified frequency 
of the power system. A frequency that is too 
low can cause electric motors to run slow 
and draw excessive current. A frequency 
that is too high can cause electric motors 
to run too fast and overheat. Some devices, 
such as transformers, draw high current 
when the frequency is reduced, thercby 
lowering their efficiencies and reducing 
their ability to deliver rated capacities. 
In North America, electrical systems are 
designed for 60 Hz. In Europe and many 
other parts of the world, electrical systems 
are designed for 50 Hz. 

The two factors controlling the output 
frequency of an alternator are the number of 
poles and the speed of the rotor. The number 
of poles is determined when the alternator is 
designed and usually cannot be changed in the 
field. The speed of the rotor must be precisely 
controlled to control the output frequency. 

With a two-pole AC alternator, each 
mechanical degree of rotation equals one 


electrical degree. See Figure 9-6. One com- 
plete revolution generates one AC cycle. 
AC generator rotor speed is calculated by 
applying the following formula: 

s= 120x f 

P 

where 

S = speed of rotor rotation (in rpm) 

f= frequency (in Hz) 

P = number of poles 

A conversion factor of 120 is used to 

convert to frequency in hertz. For example, 
the speed of a two-pole AC generator oper- 
ating at 60 Hz is calculated as follows: 


Ge 120x f 
P 
s= 120 x 60 
2 
g = 1200 
2 
S = 3600rpm 


Alternator Frequency and 
Rotor Speed 


Rotor Speed to 
Poles per Phase Deliver 60 Hz* 


g- 120 x 60 
2 


S = 3600 rpm 


s=- 120 xf 
P 


g- 120 x60 
4 


S = 1800 rpm 


g- 120x60 
6 


S= 1200 rpm 


* in rpm 


Figure 9-6. The alternator frequency is deter- 
mined by the rotor speed and number of poles. 


Single-Phase AC Alternators 


Single-phase alternators are generally small 
units that are used for backup or standby 
residential power or on a job site. A single- 
phase AC alternator consists of a stationary 
magnet and a single winding that is rotated 
in the field. When the rotor is turned in a 
magnetic field, a voltage is induced into 
a loop of wire. Each rotation in a single- 
phase AC alternator produces one phase of 
electricity. See Figure 9-7. 

In a revolving-rotor alternator design, 
the rotor turns in the magnetic field and AC 
power is brought out through the slip rings 
and brushes. Each half of the rotor coil cuts 
the magnetic lines of force in a different 
direction. For example, as the rotor rotates, 
one half of the coil cuts the magnetic lines 
of force from the bottom up to the left, while 
the other half of the coil cuts the magnetic 
lines of force from the top down to the 
right. The voltage induced in one side of 
the coil is opposite to the voltage induced 
in the other side of the coil. The voltage in 
the lower half of the coil enables current 
flow in one direction, and the voltage in 
the upper half enables current flow in the 
opposite direction. 

However, since the two halves of the 
coil are connected in a closed loop, the 
voltages add to each other. The result is 
that the total voltage of a full rotation of 
the rotor is twice the voltage of each coil 
half. This total voltage is obtained at the 
brushes connected to the slip rings, and 
may be applied to an external circuit. The 
slip rings do not reverse the polarity of 
the output voltage produced by the gen- 
erator. The result is an alternating sine 
wave output. 

In position A, before the rotor begins to 
rotate, there is no voltage and no current 
in the external load circuit because the 
rotor is not cutting across any magnetic 
lines of force (0° of rotation). At the in- 
stant movement begins, the rotor moves 
parallel with the magnetic field. Because 
the rotor does not cut the magnetic lines 
of force while moving parallel to the field, 
no voltage is induced. 
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As the rotor rotates from position A to 
position B, each half of the rotor cuts across 
the magnetic lines of force, producing 
current in the external circuit. The current 
increases from zero to its maximum value 
in one direction. The maximum voltage is 
generated at 90° because the movement is 
crossing the greatest number of magnetic 
lines of force. This changing value of cur- 
rent is represented by the first quarter (0° to 
90° of rotation) of the sine wave. 

As the rotor rotates from position B to 
position C, current continues in the same 
direction. The current decreases from its 
maximum value to zero. Zero voltage is 
generated at 180° because the movement is 
parallel to the magnetic lines of force. This 
changing value of current is represented by 
the second quarter (90° to 180° of rotation) 
of the sine wave. 

As the rotor continues to rotate from 
position C to position D, each half of the 
coil cuts across the magnetic lines of force 
in the opposite direction. This changes 
the direction of the current. During this 
time, the current changes from zero to its 
maximum negative value. The maximum 
voltage is generated at 270° because the 
movement is crossing the greatest number 
of magnetic lines of force. This changing 
value of current is shown by the third 
quarter (180° to 270° of rotation) of the 
sine wave. 

As the rotor continues to rotate from 
position D to position E (position A), the 
current changes from its maximum negative 
value to zero. Zero voltage is generated at 
360° because the movement is parallel to 
the magnetic lines of force. This changing 
value of current is represented by the fourth 
quarter (270° to 360° of rotation) of the sine 
wave. This completes one 360° cycle of the 
sine wave. 


Blech pect 


A sine wave is used to represent electric 
current. The magnitude of the sine wave 
represents the magnitude of the current. 
The sign (positive or negative) of the sine 
wave represents the direction of the current. 
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Figure 9-7. Fach rotation in a single-phase AC generator produces one phase of electricity. 


Three-Phase AC Alternators 


Three-phase alternators are normally used by 
utilities, large industrial facilities, or medical 
facilities that normally draw 3-phase power. 
Three-phase AC power is generated by rotat- 
ing three coils through the magnetic field. 
Each rotation of the rotor produces three sepa- 
rate AC cycles that are 120° out of phase. 
To obtain three phases, 3-phase alterna- 
tors have three sets of rotor windings that are 
located mechanically 120° apart. Generation 
of 3-phase power with a revolving-rotor al- 
ternator design is very similar to generation 
of single-phase power. Each rotation in a 


THREE WIRES 
CONNECTED 
TO LOAD 
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three-phase AC alternator produces all three 
phases. See Figure 9-8. As the rotor turns, 
each phase is brought out to its own set of slip 
rings. The phases are generated so that phase | 
leads phase 2 by 120° and phase 3 by 240°. 

With high-power AC generators that have 
high current output, revolving-field alterna- 
tor designs are used. A field is created in the 
rotor, either through the use of brushes and 
slip rings or through the use of brushless 
exciters. As the rotor turns, the field rotates 
and cuts the stator windings. AC power is 
transferred through fixed wires connected 
to the windings. 


THREE LOOPS 
EQUALLY SPACED 


DIRECTION OF 
MOVEMENT 


Output Voitage 


MAGNET 


G 60° 120° 180° 240° 300° 360° 
Degrees of Rotation 


N, | 
P 60° 120° 180° 240° 300° 360° 


Degrees of Rotation 


Output Voltage 


Output Voltage 


o 60° 120° 160° 240° 300° 360° 
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Figure 9-8. Each rotation in a three-phase AC generator produces all three phases. 
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Bei irit fon 


A prime mover.is the 
power source used to 
create the relative mo- 
tion between the coil and 
the magnetic field. 


The overload rating of 
an alternator is the load 
above the normal load 
that can be carried for a 
specified period. 


Prime Movers 


A prime mover is the power source used to 
create the relative motion between the coil 
and the magnetic field. Large alternators are 
often powered by steam turbines, which use 
natural gas, nuclear energy, coal, or oil as, 
fuel to generate steam. Waste landfills are 
often a source of energy, providing combus- 
tible methane gas to operate turbines that 
would otherwise be run using fossil fuels. 
Hydropower at large dams can also be used 
to drive turbines. 

Standby or backup power units are re- 
mote units that provide emergency power 
to critical facilities when there is a problem 
with the utility power supply. They are usu- 
ally powered by engines fueled by natural 
gas, diesel fuel, or, in the case of small 
units, gasoline. 


ALTERNATOR RATINGS 


Alternators are rated according to the load 
they can maintain on a continuous basis. 
The overload rating of an alternator is the 
load above the normal load that can be car- 
ried for a specified period. The overload rat- 
ing is based on the internal temperature the 
alternator can withstand. Current flow is the 
largest cause of heat rise and an alternator’s 
rating is closely tied to its temperature-rise 
limitations. 

Alternators are rated in kilowatts (kW) 
at a standard power factor of 80%. See 
Figure 9-9. Therefore, the kilovolt ampere 
(kVA) rating of the alternator is equal to 
125% of the kW rating. This needs to be ac- 
counted for when considering intermittent 
overloads and available fault currents. AC 
alternators come in many sizes, depending 
on the power requirements to be met. Small 
residential backup power systems may 
deliver only about 1000 watts, while large 
utility alternators may deliver up to about 
1000 megawatts. 

Alternators have a maximum allowed 
current. The maximum current is limited 
by the heat buildup in the alternator. Small 
AC alternators can be cooled by air flow- 
ing through openings in the stator. Large 


AC alternators can be cooled by air, water, 
or hydrogen. Hydrogen is expensive, but it 
is sometimes used because of its superior 
heat transfer properties. The alternator is 
sealed to prevent the loss of the hydrogen. 
Because hydrogen is much less dense than 
air, windage losses on the rotor are also 
much lower. 
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Figure 9-9. Alternator ratings are given on 
the nameplate. 


PARALLELING ALTERNATORS 


Alternators are placed in parallel to carry 
added load when needed, to enhance reli- 
ability by having multiple alternators in 
operation, and to provide power during 
maintenance of other alternators. Starting 
up an electricity-generating power plant 
is much more complex than starting up a 
machine in an industrial plant. 

All the alternators must be connected in 
parallel and the power from each alternator 
must be at exactly the right phase, frequency, 
and voltage before it can be connected to 


the busbars. If the voltage phases are not 
matched, large opposing voltages are devel- 
oped. This causes high currents to flow that 
can damage the alternators. Phase voltages 
must be connected A to A, B to B, and C to C. 
If there is a frequency mismatch, an alterna- 
tor turning more slowly is a load to the other 
alternators. If the voltages are not equal, one 
of the alternators could become a reactive 
load to the other generators. This causes high 
currents to circulate between the alternators 
and can cause extensive damage. 


Manual Synchronization 


Parallel alternators are often started up 
manually. In order to manually synchro- 
nize an alternator, there must be a way to 
ensure that the alternator phase, frequency, 
and voltage match the busbars before the 
alternator is switched into the circuit. In 
actual practice, the alternator should have 
a slightly higher frequency than the power 
on the busbars, It is easier for the alternator 
rotor to slow down than to speed up. Com- 
mon methods of manual synchronization 
include the use of a synchroscope or the 
use of synchronizing lights. 


Synchroscopes. A synchroscope can be used 
to help match the frequency and phase of an 
alternator to the busbar, or to match two al- 
ternators. See Figure 9-10. A synchroscope 
is a device that indicates whether two AC 
sources to be connected in parallel are in the 
correct phase relationship. A synchroscope 
is connected to both potentials. When the 
needle on the synchroscope is stationary at 
the twelve o’clock position, the frequencies 
and phases are matched. When the needle 
turns clockwise, the incoming frequency is 
higher than the operating frequency. When 
the needle turns counterclockwise, the in- 
coming frequency is lower than the operating 
frequency. When the synchroscope shows 
that the units are operating at the correct 
frequency, a switch can be closed that brings 
the oncoming unit on-line at the right time. 


Lights-Out Methods. Other methods of 
synchronizing generators are the various 
lights-out methods. These methods connect 
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a lamp across each of the phases of two 
alternators or between an alternator and the 
power busbars. See Figure 9-11. The voltage 
across the lamps is the potential difference 
between the phases of the alternators. When 
the phase rotation between the alternators is 
not matched, the lamps flicker on and off, but 
not in unison. This means that phase connec- 
tions on the incoming source are incorrect 
and must be reversed. 

When the peak voltages of the two al- 
ternators match, the lamps go out because 
there is no longer any difference in potential 
between the two alternators. Two common 
lights-out methods are the three-lights-out 
method and the one-light-out method. 

In the three-lights-out method, a lamp 
is connected as a load across each phase of 
the two sources, A to A, B to B, and Cto C. 
When all three lamps are dark, the potentials 
of both sources are the same and the second 
source can be brought on-line. The phase 
connection is incorrect if the lights do not all 
turn on and off at the same time. The one- 
light-out method is very similar except that 
the phases are connected A to B, B to A, and 
C to C. When the C to C lamp is dark and 
the other two are brightly lit with no flicker- 
ing, the alternators are synchronized and the 
second source can be brought on-line. 


Synchroscopes — a 


ee ares, 


Figure 9-10. A synchroscope can be used 
to help match the frequency and phase of an 
alternator to the busbar. 


| Definition 


A synchroscope is a 
device that indicates 
whether two AC sources 
to be connected in paral- 
lel are in the correct 
phase relationship. 
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THREE-LIGHTS-OUT METHOD ONE-LIGHT-OUT METHOD 


Figure 9-11. The lights-out methods use lamps to indicate when there is a difference in potential between an alternator and 
the busbar. 


s 


Automatic Synchronization 


Manual synchronization requires the pres- 
ence of skilled operators to perform the 
startup. This is possible at a utility gener- 
ating station, but it is very difficult for a 
facility with an emergency back-up power 
supply. For emergency back-up power 
supplies, automatic synchronization is the 
simplest and least expensive option for 
synchronizing alternators. 

With automatic synchronization, a 
controller monitors the frequency, phase 
angle, and voltage of the incoming source 
and the busbar. The controller measures the 
parameters of the incoming source and the 
busbar and adjusts the incoming alternator 
to match the busbar. See Figure 9-12. An 
automatic synchronizer energizes a relay 
and closes a contact when the incoming 
source and the busbar match. In actual op- 
eration, the synchronizer takes into account 
the actual relay closing time. Therefore, the 
sources, They can be equipped with automatic synchronizer anticipates when the incoming 
synchronization to allow the local electric utility to : 

source will match and closes the relay at the 


start the alternator during times of high electricity i ; 
demand, appropriate time. 
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Automatic Synchronization 


PowerCommand 


Figure 9-12. A controller monitors the frequency, phase, and voltage of an alternator and a 
busbar. The controller adjusts the alternator until the parameters match and then switches the 
alternator into the circuit. 


Application—AC Alternators 
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Application— Selecting Portable 
Generators 

Portable generators are used to supply elec- 
trical power in emergencies, on construction 
sites, for recreation, and as a backup for utility 
power feeds. A properly sized portable gen- 
erator should deliver enough power (in watts) 
at the correct voltage (12 VDC, 120 VAC, 
120/240 VAC) to operate all loads connected 
to the generator. An undersized generator 
cannot operate the loads as required, which 
can damage the load and generator. An 
oversized generator supplies enough power 
to the loads, but is not energy efficient. 


Portable generators are rated by their 
maximum power output, surge power output, 
and voltage output(s). For example, a portable 
generator may be rated for 7500 W (7.5 kW) 
maximum power output and 10,750 W 
(10.75 kW) surge power output at 120 VAC. 
The surge power output rating is used to select 
an alternator that has enough power to handle 
loads that include motors with a higher start- 
ing power than running power. For example, a 
Ye-HP air compressor requires approximately 
1500 W when running and approximately 
5500 W when starting. 


Backup generators can supply DC, sin- 
gle-phase AC, or 3-phase AC. In the United 
States and Canada, AC power is 60 Hz. In 
Europe and many other parts of the world, 
AC power is 50 Hz. Some generators can 
supply 60 Hz and 50 Hz power. 


Determining Generator Size 


To determine the correct size of genera- 
tor for an application, apply the following 
procedure: 

1. List the electrical devices that must be op- 
erated by the generator. This list should in- 
clude devices likely to be operated (lamps, 
power tools, etc.) as well as devices that 
may be added (refrigeration units during 
prolonged power outages, sump pumps 
during heavy rains, etc.). The list of devices 
that must be operated by an alternator de- 
termines the absolute minimum generator 
size that canbe selected for an application. 
By also listing devices that may be added, 
the generator size will be the most appro- 
priate for the application. 


2. Determine the voltage requirements of 
the loads connected to the generator. 
The voltage output of an alternator must 
be within +5%/—10% of the load(s) con- 
nected to the generator. Lamps, portable 
power tools, and most small appliances 
are rated at 115/120 VAC. Most large 
power-consuming devices (electric 
stoves/heaters, air compressors, etc.) 
are rated at 230/240 VAC. If a device is 
rated for only one voltage, it cannot be 
connected to any other voltage. For ex- 
ample, a motor rated for 230 VAC must 
be connected to a 230-VAC (+5%/-10%) 
power supply. However, a motor rated for 
115/230 VAC may be connected to either 
a 115-VAC or 230-VAC power supply. 


Maximum Surge 


3500 7500 | 120 VAC GFCI “| Duplex Outlet Outlet 


4500 
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120/240 VAC Twistlock Outlet 


12 VDC 
(2) 120 VAC GFCI Duplex Outlets 
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9000 
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1 


| 12 VDC 
(4) 120 VAC GFCI Duplex Outlets 
420/240 VAC Twistlock Outlet 


17,000 


21,000 


A 115/230-VAC motor (or other load) 
draws the same amount of power when 
connected to 115 VAC or 230 VAC. 
However, the current draw at the higher 
voltage (230 VAC) is half that of the cur- 
rent draw at the lower voltage (115 VAC) 
because power (P) is equal to voltage 
(E) times current (l). Thus, wiring a dual- 
voltage load at a higher voltage reduces 
the required wire size and increases the 
permissible wire length, but does not 
reduce (or increase) the power output. 


. Determine the operating power require- 
ments of each load and the total power 
requirements of all the loads that are con- 
nected to the generator. Some devices, 
such as lamps and heating elements, 
have a power listing in watts (100 W, 
500 W, etc.). Other loads such as motors, 
some tools, and appliances do not have 
a power rating listed but have a current 
rating listed. The power rating of a load 
that has a listed voltage and current rat- 
ing can be determined by multiplying the 
rated voltage by the rated current. 
Identify all the loads to be connected to 
the generator that have a starting power 
draw higher than the operating power. This 
usually includes all loads that contain a 
motor. In general, any load that includes 
a motor that is connected directly to a 
load can be calculated as having a high 
starting-power requirement. This includes 
motors that are directly coupled through 
belts, chains, and gears to loads such as 
fans, pumps, and tools. However, small 
motors such as those used in portable 
cooling fans and cooling motors in com- 
puters, etc., need not be considered as 
having a high starting-power draw. 
Problems occur if the high starting- 
power requirements of loads are not 
factored into the generator size require- 
ments. The problem occurs when a large 
amount of starting power is drawn from 
the generator, as with air compressor 
starting, etc. In this case, the total volt- 
age output of the generator drops if the 
generator is fully loaded. The larger the 
overload, the larger the voltage drop. 
Even a temporary low voltage on com- 
puters, appliances, tools, etc., can cause 
damage to the loads and generator. 
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4. The wattage rating listed on a load name- 
plate can be used to determine the total 
wattage requirements of an alternator. 
When load nameplate ratings are not 
available, average wattage requirement 
guides can be used to determine total 
wattage requirements. 


5. Once the total power requirements 
are determined, an alternator can be 
selected. The minimum generator size 
should be based on the maximum pos- 
sible power draw for the given application 
and the amount of extra (spare) power 
desired. Typically, 25% to 50% additional 
power is recommended as a minimum 
amount of extra power. This ensures that 
an alternator does not operate at 100% 
capacity, which shortens generator life 
and/or lowers the generator voltage out- 
put, and there is extra power for the times 
that may require additional power. 


If the total power required is high for 
any one application, such as a large 
construction site, etc., it is better to use 
more than one generator and divide the 
loads between the generators. This also 
ensures that there is available power if 
one of the generators malfunctions. 


Construction site 


Air Compressor (2 HP) 1500 5500 
Air Compressor (1 HP) 3000 11,000 
Electric Welder (200 A) 9000 9000 
High-Pressure Washer (1 HP) 1200 3600 | 
Circular Saw (7%4”) 1400 2300 | 
Table Saw (10”) 1800 4500 | 
Hand Drill (%2”) 600 800 
Grinder (41%4”) 750 950 
| Grinder (6”) | 1000 1300 
Grinder (9”) 2300 3000 | 
Hand Jigsaw 650 850 | 
Reciprocating Saw (7” blade) 1150 1600 


550 
650 
375 


Sander (4 sandpaper sheet size) 


Sander (12 sandpaper sheet size) 


Battery Charger (15 A, no boost) 
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Summary 


e An alternator converts mechanical torque into AC power. 
e The two types of alternators are the revolving-field alternator and the revolving-rotor alternator. 


e As the rotor turns, moving coils of conductor pass through a magnetic field or a moving magnetic field cuts 
through the conductors, depending on the design. 


e A revolving-field alternator has the field in the rotor and brings AC power out to the load through the fixed stator 
windings. These are usually used in high-power applications. 


e Arevolving-rotor alternator has the field in the stator and brings AC power out to the load through the slip rings 
and brushes. These are usually used in low-power applications. 


¢ The output voltage of an alternator is controlled by a voltage regulator. The voltage regulator varies the current 
through the field windings, which changes the output voltage. 


¢ The output frequency of an alternator is determined by the rotor speed. 


e Ina single-phase alternator, a single coil is used to generate the single phase. In a three-phase alternator, three 
coils are used to generate the three phases. 


e Alternators are rated in kilowatts (kW) at a standard power factor of 80%. The kilovolt ampere (kVA) rating is 
125% of the kW rating. 


e The maximum current is limited by the heat buildup in the alternator. 


e When paralleling alternators, each alternator must be at the right phase, frequency, and voltage before being 
switched into the circuit. 


e When manually synchronizing alternators, a synchroscope can be used to compare the phases of an alternator 
and the busbar. 


° The lights-out methods of synchronizing alternators use lamps to compare the phase of the alternator to the 
busbar. When the two sources are in phase, a darkened lamp shows that there is no difference in potential. 


e Automatic synchronizers use a controller to monitor the frequency, phase angle, and voltage. Adjustments can 
be made to the alternator before it is brought on-line. 
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Glossary 


An alternator is a synchronous machine that produces alternating current (AC). 


A stator is the fixed unmoving part of a generator, consisting of a core and windings, that converts the energy of 
a magnetic field to electrical energy. 


A rotor is the rotating moving part of an alternator or generator, consisting of a core and windings, that convert 
torque to magnetic energy. 


Torque is a turning or twisting force that causes an object to rotate. 


A revolving-field alternator is an alternator where a magnetic field is created in the rotor, which turns within the 
fixed stator windings, and AC power is supplied through the stator windings. 


An exciter generator is an assembly consisting of a small three-phase alternator used to supply current to an 
alternator rotor. 


A brushless exciter is a rectifier assembly mounted on the main rotor shaft along with the exciter generator. 


A revolving-rotor alternator is an alternator where a fixed magnetic field is created in the stator, with the rotor 
turning within the stator, and AC power is supplied through the rotor slip rings and brushes. 


The field windings are magnets or stationary windings used to produce the magnetic field in an alternator or motor. 
A prime mover is the power source used to create the relative motion between the coil and the magnetic field. 
The overload rating of an alternator is the load above the normal load that can be carried for a specified period. 


A synchroscope is a device that indicates whether two AC sources to be connected in parallel are in the correct 
phase relationship. 


1. List the parts of an alternator stator. 

2. List the parts of an alternator rotor. 

3. Explain how centrifugal force influences the rotor design. 

4. Describe the difference between a revolving-field alternator and a revolving-rotor alternator. 


5. Explain how a voltage regulator works to control the voltage in an alternator. 


6. Explain what happens as a rotor turns in an alternator. Describe the four parts of the rotor movement during 
one rotation. Explain how the rotation results in AC power. 


7. Explain how a synchroscope is used in paralleling alternators. 
8. Describe how the lights-out methods are used in paralleling alternators. 


9. Describe how automatic synchronization is used in paralleling alternators. 
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OBJECTIVES 


DC motors and DC generators are very similar to one another. A DC motor 
converts a DC power source into torque that is used to drive a load. A DC 


Explain how a DC motor and a DC generator are similar and how they 
are different. 

Explain how a commutator and brushes work to develop torque. 
Describe the construction of a DC motor armature. 

Describe armature reaction and explain how it moves the neutral plane. 
Describe how the differences in winding connections result in the 
different types of DC motors. 

Describe the torque curves of the four types of DC motors. Use these 
curves to explain why certain types of motors are used in particular types 
of applications. 


generator reverses the process and converts torque provided by a prime 


mover into DC power. The armature and field windings can be wired in 


different ways, resulting in the different types of DC motors and generators. 
Each type of DC motor has different torque and speed characteristics. 
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Definition 


A direct current mo- 
tor, or DC motor, is a 
machine that uses DC 
connected to the field 
windings and armature 


to produce shaft rotation. 


A direct current gen- 
erator, or DC genera- 
tor, is a power source 
that supplies DC when 
the armature is rotated. 


DC MOTORS AND 
GENERATORS 
A direct current motor, or DC motor, is 


a machine that uses DC connected to the 
field windings and armature to produce 


shaft rotation. A direct current generator, f 


or DC generator, is a power source that 
supplies DC when the armature is rotated. 
DC motors and generators consist of field 
windings in the field frame, an armature, 
and a commutator and brushes on the 
shaft. See Figure 10-1. 

Connecting voltage directly to the 
field and armature of a DC motor allows 
the motor to produce higher torque in a 
smaller frame than with an AC motor. DC 
motors provide excellent speed control 
for acceleration and deceleration, with 
effective and simple torque control. DC 


DE 


FIELD 
WINDINGS 
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motors perform better than AC motors in 
most traction equipment applications. DC 
motors do require more maintenance than 
AC motors because they have brushes 
that wear. DC motors are used as drive 
motors in mobile equipment such as golf 
carts, quarry and mining equipment, and 
locomotives. In addition, DC motors 
were used for many years in applications 
where speed control was needed. In many 
of these applications, they have been 
replaced with AC motors and adjustable- 
speed drives. 

Fhe armature and the field can be wired 
in different ways, resulting in the different 
types of DC motors. These different types 
of motors are used to provide different 
amounts of torque or different types of 
speed control. 


EXTERNAL LEADS 
TO FIELD WINDINGS 


Figure 10-1. DC motors consist of field windings in the field frame, an armature, and a com- 


mutator and brushes on the shaft. 


Field Frame Construction 


A field frame is the stationary part in a 
DC motor or generator. The stationary 
part is called a stator in an AC motor, 
but is called a field frame in a DC motor. 
The field poles are metal pieces mounted 
to the field frame that are used as field 
windings. The field poles are constructed 
of thin sheets of steel laminated together, 
similar to the construction of AC motors. 
See Figure 10-2. The field windings are 
magnets or stationary windings used to 
produce the magnetic field in an alternator 
or motor. In most cases, the field windings 
are made by coiling wire around the field 
poles. In some cases, interpoles are added 
between the main poles. 


Interpoles. /nierpoles are auxiliary poles 
placed between the main field poles of the 
motor. See Figure 10-3. The interpoles 
are connected in series with the armature 
windings, with one terminal of the interpole 
connected to the brushes and one brought 
out to connect to the DC power supply. The 
interpoles are made with larger size wire 
than the main field poles, in order to carry 
armature current. They are smaller in over- 
all size than the main field poles because 
they require fewer windings. Interpoles are 
also known as commutating field poles. 

Interpoles are used to reduce spark- 
ing at the brushes of larger DC motors. 
They are used with shunt and compound 
DC motors of one-half HP or more. The 
interpoles reduce sparking at the brushes 
by helping to overcome the effect of ar- 
mature reaction. 

In motors, an interpole must be of the 
same polarity as the main pole preceding 
it in the direction of rotation. In genera- 
tors, an interpole must be of the opposite 
polarity as the main pole preceding it in 
the direction of rotation. In a motor, the 
interpole polarity provides flux of the 
same direction as the main pole, but in 
a direction opposite to that of the flux 
produced by the sclf-induced reactance. 
This cancels the flux in the area where 
the commutated coil is moving at the 
neutral plane. 
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Field Frame Constru ion l 


WINDINGS 


Figure 10-2. The field poles are mounted to the frame and provide a place 
for the field windings. 


Interpoles 
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INTERPOLE ge 


MAIN FIELD 
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Figure 10-3. Interpoles are auxiliary poles placed between the main field poles. 
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Cefinition 


A field frame is the 
stationary part in a DC 
motor or generator. 


The field poles are 
metal pieces mounted to 
the field frame that are 
used as field windings. 


The field windings are 
magnets or stationary 
windings used to produce 
the magnetic field in an 
alternator or motor. 


Interpoles are auxiliary 
poles placed between the 
main field poles of the 
motor. 


Compensating windings, 
or pole-face windings, 

are field windings placed 
in slots on the main poles. 


An armature is the 
rotating part of a DC 
motor, consisting of the 
laminated core with slots 
for the coils, the main 
shaft, and the commuta- 
tor and brushes. 


Compensating Windings. Compensating 
windings, or pole-face windings, are field 
windings placed in slots on the main poles. 
The purpose of the compensating wind- 
ings is to help interpoles maintain neutral 
position on the commutator. Compensating 
windings look like rotor bars in an induction’ 
motor. The compensating windings are in 
series with the armature, the series field, 
and the interpoles. They are found in large 
motors that have a wide range of speeds. 


Armature Construction 


An armature is the rotating part of a DC 
motor, consisting of the laminated core with 
slots for the coils, the main shaft, and the 
commutator and brushes. See Figure 10-4. 
A magnetic field is produced in the armature 
by current flowing through the armature 
windings. The armature magnetic field 
interacts with the DC produced by the field 
windings. The interaction of the magnetic 
fields causes the armature to rotate. 


Commutators. A commutator is a ring 
made of insulated segments that keep the 
armature windings in the correct polarity to 
interact with the main fields. Each armature 
winding has two ends, with each end con- 
nected to one section of the commutator. 
This means that an armature with 8 coils 
has 16 commutator segments. 


ARMATURE 


The commutator is mounted on the same 
shaft as the armature and rotates with the 
shaft. Each section of the commutator is 
isolated from the adjacent sections by mica 
insulation. A mica clamping flange holds 
the segments together to form a cylinder on 
the shaft. In a common design, each vertical 
section of the commutator has a riser where 
the leads from the armature are attached. 


Brushes. A brush is the sliding contact 
that rides against the commutator segments 
and is used to connect the armature to the 
external circuit. See Figure 10-5. Brushes 
are made of carbon or graphite material 
and are held in place by brush holders. A 
pigtail is an extended, flexible connection 
or a braided copper conductor. The brush 
rigging is the entire assembly of the brush, 
brush holder, insulators, and any wiring 
included in the assembly. The brush rigging 
is mounted on the rear endbell. On some 
motors there may be as many brush holders 
as there are main field poles. 

Pigtails are used to connect a brush to 
either the, positive or the negative terminal 
of the DC source. Since each DC source 
has one positive and one negative termi- 
nal, there must be at least two brushes and 
two brush holders. Each brush keeps the 
same polarity at all times. For each pair of 
brushes, one brush is always positive and 
one brush is always negative. 
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Figure 10-4. The armature consists of the laminated core, the armature coils, the main shaft, and the commutator and 


brushes. 
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Figure 10-5. A brush is a sliding contact that rides against the commutator. 


Brushes are free to move up and down 
in the brush holder. This freedom allows the 
brush to follow irregularities in the surface of 
the commutator. A spring placed behind the 
brush forces the brush to make contact with 
the commutator. The spring pressure is nor- 
mally adjustable, as is the entire brush holder 
assembly. The brushes make contact with suc- 
cessive copper bars of the commutator as the 
shaft, armature, and commutator rotate. 

Brushes should be large enough to carry 
the armature current without heating up. Three 
styles of brushes are radial, trailing-edge, and 
leading-edge brushes. Radial brushes point in 
to the commutator at 90° and are used for DC 
motors that may need to be reversed often. 
Leading-edge brushes are at an angle to the 
commutator and have less restricted up-and- 
down movement. Trailing-edge brushes hold 
the long side of the brush tight against the 
brush holder. Any maintenance of brushes 
should use an identical replacement brush. It 
is best to check with the manufacturer about 
the type of brush to be used when it is neces- 
sary to change a brush. 


Commutators build up a film on the copper 
surface. The film acts as a low-friction layer 
between the commutator and the brushes 
and helps minimize wear. 


Operating Principles 

Any current-carrying wire is surrounded 
by a magnetic field. The left-hand conduc- 
tor rule gives the direction of the magnetic 
field. When this wire is placed into a station- 
ary magnetic field, the two fields interact 
and the wire moves at right angles to the 
stationary magnetic field. The right-hand 
motor rule gives the direction of motion. 
In a DC motor, the current-carrying wire is 
the armature conductor. The stationary mag- 
netic field is the field frame. The left-hand 
generator rule gives the direction of current 
flow when the armature is turned within a 
magnetic field. See Figure 10-6. 

When voltage is applied to the motor, 
current flows through the field winding. 
This sets up a magnetic field in the field 
winding. At the same time, current flows 
through the brushes, commutator, and arma- 
ture windings. The current flows through the 
armature windings to another commutator 
segment on the opposite side of the first seg- 
ment, out a brush opposite to the first, and 
back to the source. This sets up a magnetic 
field in the armature. 

There are at least two poles in the field frame 
and an equal number in the armature. The ar- 
mature begins to rotate as the unlike poles in 
the field frame and armature attract each other 
and the like poles repel each other. 


| Definition 


A commutator is a 
ring made of insulated 
segments that keep the 
armature windings in 
the correct polarity to 
interact with the main 


fields. 


A pigtail is an extended, 
flexible connection ora 
braided copper conductor. 


The brush rigging is the 
entire assembly of the 
brush, brush holder, in- 
sulators, and any wiring 
included in the assembly. 
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nition P As the armature begins to rotate, a Armature Reaction. When power is ap- 
countervoltage is induced in the armature plied to a DC motor, both the armature 

A countervoltage, or RA a i. 
counter EMF (CEMP), windings. A countervoltage, or counter windings and the field windings generate 
is a voltage induced in EMF (CEMF), is a voltage induced inthe magnetic fields that become distorted 
the windings that is op- windings that is opposite in polarity to that when they interact. Armature reaction is 
posite in polarity to that of the power supply. the distortion of the magnetic fields that 
of the power supply. ` happens when a current-carrying wire is 
Armature reaction is the placed within a fixed magnetic field. See 
distortion of the mag- Direction of Motian Figure 10-7. The distorted magnetic fields 
netic fields that happens | apply torque to the armature and cause 
e ee ae Bey GE movement. Interpoles are used to cancel the 
fixed af genetic feta MAGNETIC FIELD flux in the commutated coil and to control 
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Figure 10-6. The right-hand motor rule and Figure 10-7. The magnetic fields become 
the left-hand generator rule give the direction distorted when one magnetic field is placed 
of armature motion. : within another. 
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Neutral Plane and Brush Neutral. The 
neutral plane is a line through the armature 
cross section that is perpendicular to the 
maximum amount of magnetic flux. At the 
neutral plane, the armature conductors are 
parallel to the magnetic flux and no volt- 
age is induced in the armature. The neutral 
plane can be moved by the reaction of the 
main fields with the armature fields as a 
result of armature reaction. When there is 
no current in the armature, the magnetic 
field between the field poles is undistorted 
and the neutral plane is at right angles to 
the field flux. When there is current in the 
armature, the magnetic field between the 
field poles is distorted and the neutral plane 
is at an angle to the original position. See 
Figure 10-8. 
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Figure 10-8. Armature reaction moves the 
neutral plane. 


Brush neutral is the position of the brushes 
where commutation can occur with minimal 
induced voltage in the armature coils. Brush 
neutral occurs where the conductors in the 
armature are operating parallel to the flux 
of the main fields and see the fewest lines 
of flux. When a motor or generator has been 
disassembled for repair, part of the reassembly 
must be to reset the brush neutral. This adjust- 
ment is possible when the brush rigging is 
movable. On small motors, the brush rigging 
sometimes is set and cannot be changed. On 
larger motors, the brush rigging is movable 
and can be the cause of motor faults. 


Torque. The armature windings. commu- 
tator, and brushes are arranged so that the 
fiow of current is in one direction in the 
loop on one side of the armature, and the 
flow of current is in the opposite direction 
in the loop on the other side of the armature. 
Torque is exerted on the armature when it is 
positioned so that the plane of the armature 
loop is parallel to the field, and the armature 
loop sides are at right angles to the magnetic 
field. See Figure 10-9. 
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Figure 10-9. Torque is exerted on the armature 
loop when the plane of the loop is parallel to 
the magnetic flux. 


| Definition 


The neutral plane 

is a line through the 
armature cross section 
that is perpendicular to 
the maximum amount of 
magnetic flux. 


Brush neutral is the 
position of the brushes 
where commutation 
can occur with minimal 
induced voltage in the 
armature coils. 
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moan 


Commutation is the pro- 
cess where the armature 
current is periodically 
reversed in order to keep 
the motor torque in the 
same direction dur- 

ing the entire armature 
rotation. 


No movement takes place if the armature 
loop is stopped in the vertical (neutral) po- 
sition. In this position, no further torque is 
produced because the forces acting on the 
armature are upward on the top side of the 
loop and downward on the lower side of 
the loop. Because of inertia, the armature. 
does not stop. The armature continues to 
rotate for a short distance. The commuta- 
tor reverses the polarity of the brushes and 
armature wiring. This keeps the armature 
rotating. As a practical matter, most motors 
have many poles. This helps even out the 
torque and speed and prevents the armature 
from stopping in the neutral position. 

Armature windings are made of many 
turns of wire with the ends connected to the 
commutator. The multiple conductors in the 
slots increase the number of magnetic lines 
of flux that interact with the stationary flux 
field, producing more torque. The torque 
produced in the motor is the total force 
developed by all the conductors in the arma- 
ture acting through the radius of the motor 
shaft. The effective torque is produccd at 
a right angle at a radial distance from the 
center rotation of the shaft. This torque is 
measured in pound-inches or pound-feet. 


Commutation. Commutation is the process 
where the armature current is periodically 
reversed in order to keep the motor torque 
in the same direction during the entire arma- 
ture rotation. In other words, commutation 
reverses the current in the armature coils as 
they leave the influence of one field pole and 
enter the influence of another, opposite field 
pole, establishing unidirectional torque. 

Commutation can be electronic, as when 
the current flowing through the armature 
coils is switched by a brushless exciter or 
other electronic devices. Electronic commu- 
tation can be controlled by the motor drive. 
Commutation can also be mechanical, as 
when the current through the armature coils 
is sequentially switched by the brushes as 
the commutator and armature rotate. The 
commutator segments rotate as the arma- 
ture rotates. 

With mechanical commutation, a com- 
mutator segment becomes positive when it 


is touching a positive brush and becomes 
negative when it is touching a negative brush. 
As the armature rotates and the brushes move 
from one commutator segment to another, 
the commutator segments change polarity 
from positive to negative and back to posi- 
tive. The brushes momentarily contact more 
than one commutator segment. 

The fields in a DC motor never change 
in polarity. The armature windings must 
have the same polarity as the poles in the 
field frame in order for the rotor to turn. The 
purpose of a commutator is to change the 
direction of current flow as the coils leave 
one flux field and enter another of opposite 
polarity. Therefore, the current direction in 
the armature windings reverses direction 
and the poles change from positive to nega- 
tive and back to positive. 

For example, brush 2 breaks contact 
with side B of the commutator and makes 
contact with side A. See Figure 10-10. 
The flow of current through the commuta- 
tor reverses because the flow of current is 
at the same polarity on the brushes at all 
times. This allows the commutator to rotate 
another 180° in the same direction. After 
the additional 180° rotation, brush | breaks 
contact with side B of the commutator and 
makes contact with side A. Likewise, brush 
2 breaks contact with side A of the com- 
mutator and makes contact with side B. 
This reverses the direction of current in the 
commutator again and allows for another 
180° of rotation. The armature continues 
to rotate as long as the commutator wind- 
ing is supplied with current and there is a 
magnetic field. 

Most commonly, the brushes contact 
more than one segment on the commuta- 
tor. The ends of each coil are connected to 
adjoining segments of the commutator. As 
these segments pass under the brush, they 
are shorted together. The current should be 
commutated at the point where the fewest 
lines of flux are being cut. This is the point 
at which the armature conductor is moving 
parallel to the flux lines and the smallest 
amount of generated countervoltage is 
induced in the coils. 
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Figure 10-10. The current direction in the 
armature windings reverses direction and the 
poles change polarity when the commutator 
rotates under the brushes. 
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Even though the armature coil being 
commutated carries no current because 
it is not cutting any lines of flux, there is 
still a collapsing field in that coil that can 
induce a voltage in the coil. This voltage can 
cause damaging sparking at the brushes. A 
countervoltage in the interpoles between 
the main poles opposes the voltage in the 
armature coil and minimizes sparking. 


Reversing DC Motors 


A DC motor can be reversed by changing 
the polarity of either the armature winding 
or the field winding. A DC series motor can- 
not be reversed by changing the polarity of 
the source power. One of the windings must 
be reversed relative to the other winding. 
The armature winding is typically reversed 
because the terminals are readily available 
at the brush rigging. 

A reversing motor starter can easily be 
used to reverse the motor. See Figure 10-11. 
When the forward pushbutton is pressed, the 
F contactor is energized, opening the normal- 
ly closed F contacts and closing the normally 
open F contacts. This creates an interlock in 
the F contactor and routes the current through 
the armature from A] to A2. 

In order to reverse the motor, the stop 
pushbutton must be pressed to release the 
interlock. When the reverse pushbutton 
is pressed, the R contactor is energized, 
opening the normally closed R contacts 
and closing the normally open R contacts. 
This creates an interlock in the R contactor 
and routes the current through the armature 
from A2 to Al. In both forward and reverse 
directions, current flows through the field 
winding from S1 to $2. In the forward di- 
rection, current flows through the armature 
from Al to A2. In the reverse direction, 
current flows from A2 to Al. 

Most compound motors are not consid- 
ered for reversing applications because as 
the fields are reversed, the compounding 
is also reversed. This situation can be 
overcome by using an elaboratc system of 
contactors, or through the installation of a 
bridge rectifier feeding the scries field. 
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Figure 10-11. A reversing motor starter can be used to reverse a motor. 


Comparing Motors and Generators. DC 
motors can be made into DC generators and 
DC generators into DC motors. If the unit 
worked well as a motor, it can be run as a 
generator with the same connections, but it 
must run in the opposite direction. This can 
be done by interchanging Al and A2. 

A DC motor can be made into a DC gen- 
erator if an external prime mover is coupled 
to the motor shaft. The motor is driven by 
an external prime mover and produces an 
output voltage and current at its terminals. 
The prime mover must drive the machine 
that was once used as a motor in the oppo- 
site direction from the direction it ran as a 
motor. The polarity of the generator can be 
controlled by reversing the armature leads. 
On many motors and generators, interpoles 


To ane 


RUNNING 


WINDING 


REVERSE CURRENT FLOW 


are part of the armature circuit. Changing 
the armature circuit changes the polarity of 
the interpoles as well. 

In a split-phase motors, all the leads are 
brought out. When working on a split-phase 
motor, care must be taken to ensure correct 
interpole polarity. Reversing current in only 
one side of the interpoles causes damage to 
the armature. 

Armature current in a generator flows in 
the same direction as the generated voltage, 
but armature current in a motor is forced to 
flow in the opposite direction to that of the 
countervoltage. The armature in the genera- 
tor is being turned by the prime mover, so 
all the voltage and current in the armature 
are the result of the conductors cutting the 
flux in the main poles. The armature in the 
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motor is rotated by connecting the armature 
to a source and the conductor is repelled out 
of the main field by the interaction between 
the main field and armature field. As the 
armature is repelled out of the main field, 
the three requirements for induction are 
met, just as they were in a generator. 

When the armature in a DC motor is rotat- 
ing in a magnetic field, the countervoltage 
opposes the motion and acts like a generator. 
When the armature in a DC generator is ro- 
tating in a magnetic field, the countervoltage 
opposes the motion and acts like a motor. The 
countervoltages in each application oppose 
the action of the machine. 


DC MOTOR TYPES 


The four basic types of DC motors are 
DC series motors, DC shunt motors, DC 
compound motors, and DC permanent- 
magnet motors. These DC motors have 
similar external appearances, but are dif- 
ferent in their internal construction and 
output performance. DC series, shunt, and 
compound motors have wound poles. DC 
permanent-magnet motors use permanent 
magnets as the field poles. 


DC Series Motors 


A series motor is a DC motor that has the 
field winding connected in series with the 
armature. The field winding has relatively 
few turns of heavy-gauge wire and must 
carry the same load current that passes 
through the armature. The wires extend- 
ing from the series coil are marked S1 
and S2. The wires extending from the 
armature are marked Al and A2. See 
Figure 10-12. 


DC Series Motor Operating Principles. 
Since the field winding and the armature 
winding are connected in series. power 
is applied to one end of the series field 
winding and to the other end of the arma- 
ture winding at the brush. Current flows 
from the supply terminals through the 
series windings. The only resistance in 
the circuit is the small amount of resis- 


tance in the winding wires. This causes 
the motor to draw a very high starting 
current. Since the current is very large, a 
very Strong pole is created. The strength 
of the magnetic poles provides a very high 
starting torque. 
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Figure 10-12. A DC series motor has the field 
winding connected in series with the armature 
windings. 


| Definition ~— 


A series motor is a DC 
motor that has the field 
winding connected in 
series with the armature. 


As the armature begins to rotate, a 
countervoltage is induced in the armature 
windings. This countervoltage is opposite 
in polarity to that of the power supply. The 
armature windings see only the net applied 
voltage, so the effect of the CEMF is that the 
net applied voltage is reduced. This means, 
that the armature current and the torque are 
also reduced. 


Torque in DC Series Motors. DC se- 
ries motors can develop about 500% to 
800% of full-load torque upon starting. 
See Figure 10-13. Because of the way 
the current and torque are reduced as the 
motor speed increases, this type of mo- 
tor is most suitable for heavy loads that 
are difficult to start. This is the highest 
torque produced by any of the DC mo- 
tors, but the motor does not run at a fixed 
speed. Typical applications include trac- 
tion bridges, hoists, winches, gates, and 
automobile starters. DC series motors are 
unsuitable to loads where the torque needs 
to increase with increasing speed, such as 
fans and blowers. 


Speed Regulation of DC Series Motors. 
The speed regulation of a DC series mo- 
tor is poor. As the mechanical load on the 
motor is increased, the motor slows and 
a simultaneous increase in current occurs 
in the field and the armature. If the load 
is removed, the armature speeds up and 
more countervoltage is induced in the 
armature. The armature then accelerates 
to the point at which the countervoltage 
produces a strong enough unlike pole to 
limit the speed. Unfortunately, this speed 
can be higher than the speed at which 
the armature can spin without failure. In 
this case, the centrifugal force can cause 
catastrophic damage. The armature and 
commutator can come apart with enough 
force to destroy the field frame. Centrifu- 
gal switches are often used to open series 
motors if the speed gets too high. 
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DC series motors can speed up enough to 
cause damage when the load is removed. 
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Figure 10-13. A DC series motor has high starting torque and low running torque. 


DC Shunt Motors 


A shunt motor is a DC motor that has the 
field wiring connected in parallel with the 
armature. A parallel circuit is often called 
a shunt. In a shunt motor, the field wiring 


is a shunt. DC shunt motors are used where 


constant or adjustable speed is required and 
starting conditions are moderate. Typical ap- 
plications include fans, blowers, centrifugal 
pumps, conveyors, elevators, woodworking 
machinery, and metalworking machinery. 

The field terminal wires extending from 


the shunt field of a DC shunt motor are 
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DC Shunt Motor Operating Principles. 
The shunt winding has numerous turns of 
wire, and the current in the field can be 
independent of the armature, providing the 
DC shunt motor with excellent speed control. 
The large number of turns around the coil 
means that the coil can produce a strong 
magnetic field. 

The shunt field may be connected to the 
same power supply as the armature or may 
be connected to another power supply. 
A self-excited shunt field is a shunt field 
connected to the same power supply as the 


| Definition e 


A shunt motor is a DC 
motor that has the field 
wiring connected in par- 
allel with the armature. 


A self-excited shunt field 
is a shunt field connected 
to the same power sup- 
ply as the armature. 


A separately excited 
shunt field is a shunt 
field connected to a dif- 
ferent power supply than 
the armature. 


armature. A separately excited shunt field 
is a shunt field connected to a different 
power supply than the armature. 


marked F1 and F2. The armature windings 
are marked Al and A2. See Figure 10-14. 
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Figure 10-14. A DC shunt motor has the field windings connected in parallel with the armature windings. 
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A stabilizing field wind- 
ing is a small series field 
winding placed over the 
top of a shunt field wind- 
ing that improves stability 
of the fields while run- 
ning with reduced current 
in the field circuit. 


DC Shunt-Motor Torque _ 


eee a 


When voltage is applied to a DC shunt 
motor, the resistance of the shunt winding 
limits the overall current flow. The arma- 
ture draws current to produce a magnetic 
field that causes rotation. The counter- 
voltage causes the armature current to 
decrease. At full-load speed, a larger load, 
draws more current than a smaller load and 
the speed remains fairly constant. 


Torque in DC Shunt Motors. DC shunt 
motors can develop about 250% to 300% 
of full-load torque upon starting. See Fig- 
ure 10-15. The shunt winding is made of 
small-gauge wire with many turns around 
the coil. The small-gauge wire means that 
the shunt winding has a lower ampacity 
than a DC series motor. This means that a 
DC shunt motor has lower starting torque 
than a DC series motor. However, a DC 
shunt motor has a very flat speed-torque 
curve, maintaining the same torque as 
the load accelerates. This means that a 
DC shunt motor delivers steady torque at 
normal operating speeds. 
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Figure 10-15. A DC shunt motor has moderate starting torque, with steady 
torque as the motor speeds up. 


Speed Regulation of DC Shunt Motors. 
With a DC series motor, the armature acceler- 
ates to the point at which the countervoltage 
produces a strong enough unlike pole to limit 
the speed. With a DC shunt motor, the arma- 
ture slows down when a load is placed on the 
shaft. With the drop in speed, the armature 
conductors move more slowly through the 
magnetic flux, and the countervoltage is re- 
duced. This allows the armature current to rise 
and the torque increases to supply the load. As 
a result, a shunt motor has very good speed 
regulation. Typical applications include fans 
and blowers, centrifugal pumps, conveyors, 
and machine tools such as lathes. 

With a self-excited shunt field, the speed 
can be varied by varying the field current, 
the armature current, or both. A rheostat can 
be placed in series with the field to vary the 
field current and field strength. Addition- 
ally, the supply voltage can be controlled 
with another rheostat. This allows the motor 
speed to be controlled over a wide range. 

With a separately excited shunt field, 
there is direct control of the shunt current 
independent of the armature current. This 
provides good speed control. A DC shunt 
motor can be run above its full-voltage 
base speed by reducing the current in the 
shunt fields. As the field is reduced, the 
reduced flux results in a weakened unlike 
pole, allowing the motor to accelerate. 
The speed increases to the point at which 
the armature cuts the same amount of flux 
as before the current was reduced in the 
shunt fields. 

A stabilizing field winding is a small 
series field winding placed over the top of 
a shunt field winding that improves stability 
of the fields while running with reduced cur- 
rent in the field circuit. The motor is labeled 
a stab/shunt on the nameplate. This winding 
sees the same current as the armature and 
has the same polarity as the shunt field, aid- 
ing the shunt field if that field is weakened 
too much by seeking an increase in speed. 
With a weakened field, the countervoltage 
decreases and the current increases. The 
stabilizing field winding adds flux to the 
fields to stabilize the shunt field. 


DC Compound Motors 


A compound motor is a DC motor with the 
field connected in both series and shunt with 
the armature. The field winding is a combina- 
tion of the series field (S1 and S2) and the 
shunt field (Fl and F2). See Figure 10-16. 
The series field is connected in series with 
the armature and both have the same current. 
The shunt field is connected in parallel with 
the series field and armature combination 
and may be powered by a separate source. 
This arrangement gives a compound motor 
the high torque of a DC series motor and the 
constant speed of a DC shunt motor. 


DE Compound Motors 
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DC compound motors have some of 
the characteristics of a series motor and 
some of the characteristics of a shunt mo- 
tor. DC compound motors are used when 
high starting torque and constant speed 
are required. Typical applications include 
punch presses, shears, bending machines, 
and hoists. 


According to the NEC®, constant-voltage 
generators shall be protected from overloads 
by inherent design, circuit breakers, or fuses, 
or other means suitable for the conditions. 
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Figure 10-16. A DC compound motor has the field windings connected in series and in parallel 


with the armature windings. 


Definition 


A compound motor is 

a DC motor with the 
field connected in both 
series and shunt with the 
armature. 
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Definition 


A DC cumulative- 
compounded motor, or 
DC overcompounded 
motor, is a motor where 
current flows in the 
same direction in the 
series and shunt coils 
and the flux surround- 
ing the coils adds. 


A DC differential- 
compounded motor, or 
DC undercompounded 
motor, is a motor where 
the current flows in the 
opposite direction in the 
series and shunt coils 
and the resulting net flux 
is the difference between 
the two fluxes. 


DC Compound Motor Operating Prin- 

ciples. The shunt field prevents a DC 

compound motor from running too fast 

at light loads and the series field carries 

the same current as the armature, giving 

the motor enough torque for heavy loads. 

DC compound motors are used mostly for‘ 
special applications where the speed needs 

to be constant under load, yet high starting 

torque is required. 

The windings of the shunt and series fields 
are wound over each other on the same pole 
piece. A DC cumulative-compounded motor, 
or DC overcompounded motor, is a motor 
where current flows in the same direction in 
the series and shunt coils and the flux sur- 
rounding the coils adds. A DC differential- 
compounded motor, or DC undercompounded 
motor, is a motor where the current flows in 
the opposite direction in the series and shunt 
coils and the resulting net flux is the difference 
between the two fluxes. 


Torque in DC Compound Motors. DC 
series motors can develop about 400% 
to 500% of full-load torque upon start- 
ing. See Figure 10-17. Since the flux in 


a cumulative-compounded motor adds 
together, the motor has a strong starting 
torque. The total field flux in a differential- 
compounded motor is the net difference 
between the two windings, so the total 
flux is relatively low and gives a constant 
speed. Under load, the series flux opposes 
the shunt flux and reduces the total field 
flux so the motor can speed up. However, 
if a large enough load is placed on a dif- 
ferentially compounded motor, the series 
flux cancels all the shunt flux. This places 
the polarity of the series flux opposite that 
of the shunt flux and can unexpectedly 
reverse the motor. 
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Figure 10-17. A DC compound motor has moderate starting torque that drops off as the motor 


speeds up. 
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When a load is placed on a DC differ- 
ential-compounded motor, the armature 
also slows and cuts fewer lines of flux. 
The overall flux is less than in a cumula- 
tive-compounded motor because the over- 
all flux is the difference between the two 
individual fluxes. The countervoltage is 
smaller than in a cumulative-compounded 
motor and the force opposing rotation is 
proportionally smaller. This type of motor 
also slows under load, but less than with a 
cumulative-compounded motor. However, 
a heavy load can stall or even reverse the 
motor. DC differential-compounded motors 
are seldom used in industry. 


DC Permanent-Magnet Motors 


A DC permanent-magnet motor is a motor 
that uses magnets, not a coil of wire, for 
the field windings. DC permanent-magnet 
motors have molded magnets mounted 
into a steel shell. The permanent magnets 
are the field coils. The armature of a DC 
permanent-magnet motor is conventionally 
wound to resemble other DC motors. DC 
power is supplied only to the armature. See 
Figure 10-18. 

DC permanent-magnet motors are typi- 
cally made in small sizes, such as fractional- 
horsepower motors. Larger sizes are usually 
not made because of the high cost of the 
larger permanent magnets needed in larger 
motors. They are used where small motors 
with high starting torque are needed, such 
as in automobiles to control power seats, 
power windows, and windshield wipers. 

DC permanent-magnet motors produce 
relatively high torque at low speeds and 
provide some self-braking when removed 
from power. Not all DC permanent-magnet 
motors are designed to run continuously 
because they overheat rapidly and destroy 
the magnets. 


DC Permanent-Magnet Motor Operat- 
ing Principles. Modern permanent-magnet 
motors use strong rare-earth magnets as a 
replacement for the ferrite magnets used in 
early motor designs. Rare-earth magnets 
give a permanent-magnet motor a power-to- 


weight ratio that ranges from 50% to 200% 
more than that of a conventional permanent- 
magnet motor with the same dimensions. 
Because of the permanent magnets, operat- 
ing losses are lower and efficiency is better 
than in other types of DC motors. 


BC Permanent-Magnet Motors: 
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Figure 10-18. A DC permanent-magnet mo- 
tor Uses permanent magnets instead of field 
windings. 


| Definition 


A DC permanent-magnet 
motor is a motor that 
uses magnets, not a coil 
of wire, for the field 
windings. 
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A generator is a machine 
that converts mechanical 
energy into electrical 
energy by means of elec- 
tromagnetic induction. 


Torque in DC Permanent-Magnet Motors. 
DC permanent-magnet motors can develop 
about 600% to 700% of full-load torque upon 
starting. See Figure 10-19. DC permanent- 
magnet motors have good starting torque 
that falls off rapidly as the motor speed 


increases. DC permanent-magnet motors* 


with rare-earth magnets have a permanent- 
magnet motor a torque-to-weight ratio that 
ranges from 40% to 90% more than that of a 
conventional permanent-magnet motor with 
the same dimensions. 


Speed Regulation of DC Permanent- 
Magnet Motors. Speed regulation in 
DC permanent-magnet motors is fairly 
good, but not as good as with DC shunt 
motors. There are several motor designs 
with better speed control than the stan- 
dard permanent-magnet motors, but with 
poorer torque. 


DC GENERATORS 


A generator is a machine that converts 
mechanical energy into electrical energy 
by means of electromagnetic induction. 


DC generators operate on the principle that 
when a coil of wire is rotated in a magnetic 
field, a voltage is induced in the coil. The 
amount of voltage induced in the coil is 
determined by the rate at which the coil is 
rotated in the magnetic field, the strength 
of the magnetic field, and the number of 
turns in the coil. When a coil is rotated 
in a magnetic field at a constant rate, the 
voltage induced in the coil depends on the 
number of magnetic lines of force in the 
magnetic field at each given instant of time. 
DC generators consist of field windings, an 
armature, a commutator, and brushes. See 
Figure 10-20. 

DC generators have been used for 
variable speed control for many years. A 
generator’s output can be varied by chang- 
ing either the speed of the armature or 
the strength of the main fields. In a typi- 
cal generator set, an AC motor is used to 
power a Self-excited DC generator. The 
field strength can be varied by a rheostat in 
series with the coil. This provides control 
of the output of the generator, and a varying 
voltage to a DC motor. 
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Figure 10-19. A DC permanent-magnet motor has high starting torque that drops off as the 


motor speeds up. 


DC Generators 
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Figure 10-20. A DC generator consists of field 
windings in the field frame, an armature, and a 
commutator and brushes on the shaft. 


DC Generator Construction 


The construction of a DC generator is the 
same as the construction of a similar DC mo- 
tor, with the addition of some kind of prime 
mover. A DC generator has a stationary field 
frame that holds the poles on which the field 
windings are wound. The frame can also sup- 
port the interpoles. The armature consists of 
a main shaft, a laminated core with slots for 
the armature windings, and a commutator. 
The two endbells hold the bearing housings 
for the armature and shaft; one endbell has 
the brush holders mounted in it. The brush 
holders contain the brushes and keep them 
aligned on the commutator. 


DC Generator Operating 
Principles 


As with a DC motor, the field windings of a 
DC generator are magnets used to produce 
the magnetic field. If the current for the field 
windings is supplied by an outside source (a 
battery or another generator), the generator 
is separately excited. If the generator itself 
supplies current for the field windings, the 
generator is self-excited. DC generators are 
usually self-excited. 
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As with a DC motor, the armature is the 
movable coil of wire in a generator that 
rotates through the magnetic field. See 
Figure 10-21. A DC generator always has 
a rotating armature and a stationary field 
(field windings). A commutator is a ring 
made of segments that are insulated from 
one another. Each end of a coil of wire is 
connected to a segment. The commutator 
segments reverse the connections to the 
brushes every half cycle. A brush is the 
sliding contact that rides against the com- 
mutator segments and is used to connect 
the armature to the external circuit. The 
resulting output voltage of a DC generator 
is a pulsating DC voltage. The pulsations 
of the output voltage are known as ripples. 
A practical DC generator always has 
multiple armature windings to smooth 
out the ripples. 


DC Generator Voltage Regulation. Volt- 
age regulation is the ability of a source to 
vary the output voltage in order to maintain 
system voltage as the load varies. In a typical 
situation, higher currents are required from 
the power supply as the electrical demand 
increases. This results in larger voltage drops 
through the distribution system and the avail- 
able voltage decreases at the point of use. 

Voltage regulation can be negative, zero, 
or positive. Positive voltage regulation oc- 
curs when the countervoltage at no load is 
greater than the terminal voltage at full load. 
This characteristic is typically available 
from separately excited shunt generators, 
the self-excited shunt generator, and the 
compound generator. Zero voltage regu- 
lation occurs when the countervoltage is 
stable or flat from no load to full load. This 
characteristic is typically available from 
compound generators. Negative voltage 
regulation occurs when the countervoltage 
at no load is less than the terminal voltage 
at full load. This type of regulation occurs 
only with the series generator. 

A benefit of DC generators is their ability 
to increase the voltage under changing load 
conditions. Voltage regulation is provided 
by changing the generator speed and/or the 
field flux. 


| Definition 


Voltage regulation is 
the ability of a source to 
vary the output voltage 
in order to maintain 
system voltage as the 
load varies. 
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Figure 10-21. The armature is the movable coil of wire in a generator that rotates through the 
magnetic field. 


DC GENERATOR TYPES 


The three types of DC generators are series- 
wound, shunt-wound, and compound-wound 
generators. The difference between the types 
is based on the relationship of the field wind- 
ings to the external circuit. 


DC Series-Wound Generators 


A series-wound generator is a generator that 
has its field windings connected in series 
with the armature and the external circuit 
(load). See Figure 10-22. In a series-wound 
generator, the field windings consist of a few 
turns of low-resistance wire because the large 
load current flows through them. 
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Figure 10-22. A DC series-wound generator 
has the field windings connected in series with 
the armature windings. 
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An external prime mover applies me- 
chanical torque to the armature and series 
field circuit, which induces voltage and 
current in the generator. This provides 
terminal voltage and rated output power to 
the load. The generator provides a source 
of negative voltage regulation to the load 
it serves. 

Series-wound generators have poor 
voltage regulation. Because of their poor 
voltage regulation, series-wound DC gen- 
erators are not used frequently in industry. 
The output voltage of a series-wound 
generator may be controlled by a rheostat 
(variable resistor) connected in parallel 
with the field windings. 


DC Shunt-Wound Generators 


A shunt-wound generator is a generator that 
has its field windings connected as a shunt in 
parallel with the armature and the external 
circuit. See Figure 10-23. The armature 
winding, interpoles, and compensating 
windings, brushes and brush rigging. and 
commutator are connected in series with 
one another. The shunt field winding and 
shunt field resistance are connected in series 
with one another and in parallel with the 
armature circuit. 

An external prime mover applies me- 
chanical torque to the armature and series 
field circuit, which induces voltage and 
current in the generator. This provides 
terminal voltage and rated output powcr 
to the load. 

A DC shunt-wound generator provides a 
source of positive and zero voltage regula- 
tion to the load it serves. Because the ficld 
windings are connected in parallel with the 
load, the current through the field windings 
is wasted as far as output is concerned. 
Therefore, the field windings consist of 
many turns of high-resistance wire to keep 
the current flow through them low. A shunt- 
wound generator is suitable if the load is 
constant. However, if the load fluctuates, 
the voltage also varies. The output voltage 
of a shunt-wound generator may be con- 
trolled by means of a rheostat connected 
in series with the shunt field. 


| Definition 


A series-wound genera- 
tor is a generator that 
has its field windings 
connected in series with 
the armature and the 
external circuit (load). 


A shunt-wound generator 
is a generator that has its 
field windings connected 
as a shunt in parallel 

with the armature and the 
external circuit. 
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A compound-wound 
generator is a generator 
that includes series and 
shunt field windings. 
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Figure 10-23. A DC shunt-wound generator 
has the field windings connected in parallel 
with the armature windings. 


DC Compound-Wound Generators 


A compound-wound generator is a gen- 
erator that includes series and shunt field 
windings. In a compound-wound generator, 
the series field windings and shunt field 
windings are combined in a manner to take 
advantage of the characteristics of each. The 
shunt field is normally the stronger of the 
two. The series field is used only to com- 
pensate for effects that tend to decrease the 
output voltage. See Figure 10-24. 
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Figure 10-24. A DC compound-wound gener- 
ator has the field windings connected in series 
and in parallel with the armature windings. 


ES 


DC motors that have wound poles are called 
shunt, series, or compound motors, depend- 
ing on the connections. DC motors that use 
permanent magnets to magnetize their field 
poles are called PMDC motors. 


DC Brushless Motors 


DC brushless motors are very similar to AC 
synchronous motors. In a common design, 
brushless motors have permanent magnets 
mounted on the rotor and have AC power 
applied to the wound coils in the stator. This 
is reversed from a conventional brushed DC 
motor. There is no need for brushes and 
commutators because the permanent con- 
nections are on the fixed stator. Brushless 
motors use electronic switching instead of 
brushes and a commutator. 


Power for brushless motors can come 
from square or sinusoidal waveforms 
generated in a motor drive. Square wave- 
forms have more torque than sinusoidal 
waveforms, but have more torque ripple. 
Square waveforms are very easy to 
generate in a commutation encoder with 
a signal from an encoder or a Hall-effect 
sensor. Square waveforms are used for 
applications that are not affected by a 
small amount of torque ripple. 


Sinusoidal waveforms are the same 
shape as the standard power waveforms in 
a circuit, but may have a different frequency. 
Sinusoidal waveforms have very little torque 
ripple and operate smoothly at low speed. 
Sinusoidal waveforms are normally used in 
finishing operations requiring a fine surface. 
Motors using sinusoidal waveforms are 
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more expensive than an equivalent motor 
using square waveforms because of the 
extra electronics required to develop the 
sinusoidal waveform. 


AC motor controllers feed power to 
all the legs simultaneously. DC brush- 
less controllers operate similarly to AC 
motor controllers, but feed the maximum 
negative and positive current to two of 
the legs at a time. 


Brushless motors are more efficient 
and quieter than conventional DC motors. 
They also require less maintenance, can 
operate at higher speeds, and have a lon- 
ger lifetime because there are no brushes 
to wear. They are often used where high 
efficiency and small size are important. 


Brushless motors are generally more 
expensive than similar brushed motors be- 
cause of the complex electronics required. 
The electronics components in brushless 
motors use MOSFETs, insulated-gate 
switches, and integrated circuits for com- 
mutation, feedback, and modulation. As 
with most electronic components, the 
costs of the components used in brush- 
less motors has been decreasing. These 
decreasing costs are leading to increasing 
market share for brushless motors. 
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Supplemental Topic 


DC Coreless Motors 


There is nothing in the design of a DC 
motor that requires rotation of an iron 
core when the armature rotates. Torque is 
exerted only on the windings. A coreless 
DC motor uses the armature windings. 
for structural support and eliminates the 
heavy iron armature core. As a result, the 
armature is hollow. Because of their low 
mass, coreless DC motors are prone to 
overheating and therefore are usually only 
used for very small loads. The motors are 
typically less than 1” in size. 


CORELESS 
ROTOR - 


Some of the advantages of coreless mo- 
tors include very low inertia, high efficiency, 
and the absence of magnetic fields acting 
on the laminations. This results in reduced 
torque ripple and the absence of iron elimi- 
nates cogging. A coreless motor operates 
smoothly, even at low speeds. Because the 
core is made without iron, the low armature 
mass allows more rapid acceleration and de- 
celeration than any other class of DC motor. 
Coreless motors are often used for position- 
ing applications with very small loads. 


Commutator arcing in conventional 
DC motors is typically caused by the 
release of inductive energy stored 
in the armature upon commutation. 
Excessive arcing produces electrical 
noise and reduces the life of brushes. 
DC coreless motors have significantly 
less inductance and therefore have 
very little arcing at the commutator. 


The two common rotor shapes in a 
DC coreless motor are cylindrical or 
disc shapes. The cylindrical shapes 
may be categorized as inside field or 
outside field. The disc shapes may be 
categorized as pancake, printed, or 
three-coil shapes. 


The rotor is a hollow cylinder con- 
sisting of copper wire typically wound 
in a skewed honeycomb pattern. The 
cylinder is dipped in a varnish or epoxy 
to hold the wires together and provide 
structural strength. In outside-field 
designs, permanent magnets are 
mounted on the frame outside the 
cylinder. In inside-field designs, per- 
manent magnets are mounted on the 
end and extend into the center of the 
hollow core. Rare-earth magnets are 
usually used because their magnetic 
fields are much stronger than the older 
ferritic magnets. 


The commutators are typically 
made of precious metals, such as gold, 
silver, or platinum, for best conduction. 
Commutators are typically very small 
to minimize the use of the expensive 
precious metals and to minimize the 
commutator weight and inertia. 


Application—DC Motor 
Reduced-Voltage Starting 


DC motors smaller than one-half horsepower 
draw low current and are started by placing 
full-line voltage across the motor terminals. 
DC motors larger than one-half horsepower 
typically require reduced-voltage starting. In 
one method of starting large DC motors, a 
resistance unit is placed in series with the 
motor during starting. The moveable arm of 
the starting rheostat is connected directly 
to the positive side of the power supply and 
the motor is connected to the fixed side of 
the rheostat. The starter decreases the re- 
sistance as the motor accelerates. 


The starting resistance unit is not need- 
ed when the motor is running because the 


Power +toAl 
supply — to $2 


Starting Connect between positive 
rheostat side of power supply and 
motor with control arm on 
positive side of power supply 


Speed-control | Connect between power 
rheostat supply and motor with control 
arm on positive side of power 


supply 


Standard Wiring Procedures 


| | Seresmoior | ShuntMotor | Compound Motor 


Connect between positive 
side of power supply and 
motor with control arm on 
positive side of power supply 


Connect in series with field 
circuit with control arm on 
positive side of power supply 
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motor generates a countervoltage. The 
amount of countervoltage depends on the 
speed of the motor. The faster the motor 
runs, the greater the countervoltage. For 
example, a DC motor that has a resistance 
of 4 Q at standstill draws 57.5 A when con- 
nected to 230 V (230 + 4 = 57.5). 


When the motor accelerates to a speed 
that generates a countervoltage of 100 V, 
the total voltage in the motor is 130 V 
(230 — 100 = 130), and the current drawn 
is 32.5 A (130 + 4 = 32.5). 


When the motor accelerates to full speed 
and generates a countervoltage of 200 V, 
the total voltage in the motor is 30 V (230 — 
200 = 30), and the current drawn is 7.5 A 
(30 + 4 = 7.5). 


Connect between positive 
side of power supply and 
motor with contro! arm on 
positive side of power supply 


Connect in series with field 
circuit with control arm on 
positive side of power supply 
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Application— Reversing DC 

Series Motors 

The current direction in the field or armature 

is changed to reverse the direction of DC 

series motors. To determine the conductor 
connections of a DC motor for forward and 
reverse directions, apply the procedure: 

1. Determine the number of power lines that 
must be switched. In a DC series motor, 
the positive power line is switched and the 
negative power line is connected directly 
to the motor. 

2. Use the information provided on the motor 
wiring diagram to record the connections 
that must be made to operate the motor in 
the forward and reverse directions. Record 
the conductors that must be interchanged 
in the forward direction. Interchange their 
position in the reverse direction. For DC 
series motors, the armature or field wind- 
ings are interchanged. 


A. Show the motor terminals that are 
connected to the conductors that are 
interchanged. For DC motors, the 
positive power line is interchanged. 


SERIES FIELD 
WINDING 


At 


Motor Control Wiring Diagram 
FORWARD ( ) 


(CLOCKWISE = CW) 


A1 TO 
A2 TO S1 A1 


B. Remove any common conductor 
connections that are not power lines 
and remain connected in the forward 
and reverse directions. Connect the 
common conductors at the motor 
and select the name of the lowest 
number for the common name. For 

DC motors, there may not be any 

common connections in a series or 

a shunt motor unless the motor has 

interpoles or a split-field winding. 

3. Connect the power line that is not switched. 
If a power line is not a hot power line, con- 
nect it directly to the motor. In DC motors, 
the negative power line is typically con- 
nected directly to the motor. 

4. Determine the number of contacts required 
and their connections. A set of electric 
contacts is required for each place the 
word “to” appears in the connections. 

5. Draw the wiring diagram. Connect all lines 
that are the same. List the name of the com- 
mon line only on the forward contacts. 


DC Motor Connections 


FORWARD f ) 
(CLOCKWISE = CW) 


REVERSE ( \ 
(COUNTER-CLOCKWISE = CCW) 


POSITIVE LINE 


INTERCHARGED \ 


2 to + 
Ai to S1 
$2 to — 


REVERSE O 


(COUNTERCLOCKWISE = CCW) 


+ A2 TO + 
TO Si 
A2 


FORWARD 
CONTACTS 


i 


REVERSE~ È © 
CONTACTS Ian ame 
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e DC motors and generators are very similar to one another and can be interchanged in some situations. 
¢ The stationary part of a DC motor is called the field frame. The rotating part is called the armature. 


e The magnetic field around the armature interacts with the magnetic field around the field poles. The like poles 
repel each other and the unlike poles attract each other, causing rotation. 


e An armature includes a commutator and brushes to switch DC current as the armature rotates through the field. 


¢ The commutator and brushes switch the direction of current flow in the armature in order to apply torque in 
one direction only. 


e ADC motor can be reversed by changing the polarity of either the armature winding or the field winding. 
* A DC series motor has the field winding in series with the armature winding. 
e ADC series motor has high starting torque and low running torque. Speed control is poor. 


e A DC shunt motor has the field winding in parallel with the armature winding. The shunt winding may have 
the same power source as the armature winding, or it may be separately excited. 


e A DC shunt motor has moderate starting torque with steady torque as the motor speeds up. Speed control is 
very good. 


¢ A DC compound motor has the field winding connected in series and in parallel with the armature winding. 


¢ A DC compound motor combines characteristics of series and shunt motors. It has moderate starting torque 
that drops off as the motor speeds up. It has good speed control. 


e A DC permanent-magnet motor uses permanent magnets instead of the field windings. 


¢ A DC permanent-magnet motor has high starting torque that drops off as the motor speeds up. It has good speed 
control. 


e The three types of DC generators are series-wound, shunt-wound, and compound-wound generators. 
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A direct current motor, or DC motor, is a machine that uses DC connected to the field windings and armature 
to produce shaft rotation. 


A direct current generator, or DC generator, is a power source that supplies DC when the armature is rotated. 
A field frame is the stationary part in a DC motor or generator. A 
The field poles are metal pieces mounted to the field frame that are used as field windings. 

The field windings are magnets or stationary windings used to produce the magnetic field in an alternator or motor. 
Interpoles are auxiliary poles placed between the main field poles of the motor. 

Compensating windings, or pole-face windings, are field windings placed in slots on the main poles. 


An armature is the rotating part of a DC motor, consisting of the laminated core with slots for the coils, the main 
shaft, and the commutator and brushes. 


A commutator is a ring made of insulated segments that keep the armature windings in the correct polarity to 
interact with the main fields. 


A pigtailis an extended, flexible connection or a braided copper conductor. 


The brush rigging is the entire assembly of the brush, brush holder, insulators, and any wiring included in the 
assembly. 


A countervoltage, or counter EMF (CEMF), is a voltage induced in the windings that is opposite in polarity to 
that of the power supply. 


Armature reaction is the distortion of the magnetic fields that happens when a current-carrying wire is placed 
within a fixed magnetic field. 


The neutral plane is a line through the armature cross section that is perpendicular to the maximum amount of 
magnetic flux. 


Brush neutral is the position of the brushes where commutation can occur with minimal induced voltage in the 
armature coils. 


Commutation is the process where the armature current is periodically reversed in order to keep the motor torque 
in the same direction during the entire armature rotation. 


A series motor is a DC motor that has the field winding connected in series with the armature. 

A shunt motor is a DC motor that has the field wiring connected in parallel with the armature. 

A self-excited shunt field is a shunt field connected to the same power supply as the armature. 

A separately excited shunt field is a shunt field connected to a different power supply than the armature. 


A stabilizing field winding is a small series field winding placed over the top of a shunt field winding that improves 
stability of the fields while running with reduced current in the field circuit. 


A compound motor is a DC motor with the field connected in both series and shunt with the armature. 


A DC cumulative-compounded motor, or DC overcompounded motor, is a motor where current flows in the 
same direction in the series and shunt coils and the flux surrounding the coils adds. 


A DC differential-compounded motor, or DC undercompounded motor, is a motor where the current flows in the 
opposite direction in the series and shunt coils and the resulting net flux is the difference between the two fluxes. 


A DC permanent-magnet motor is a motor that uses magnets, not a coil of wire, for the field windings. 


A generator is a machine that converts mechanical energy into electrical energy by means of electromagnetic 
induction. 


Voltage regulation is the ability of a source to vary the output voltage in order to maintain system voltage as the 
load varies. 
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...- Glossary 


A series-wound generator is a generator that has its field windings connected in series with the armature and 
the external circuit (load). 


A shunt-wound generator is a generator that has its field windings connected as a shunt in parallel with the 
armature and the external circuit. 


A compound-wound generator is a generator that includes series and shunt field windings. 


1. Describe the similarities in the construction of a DC motor and a DC generator. 

2. Describe how a commutator and brushes work to develop torque. 

3. Explain how armature reaction creates a distorted field that moves the neutral plane. 

4. Describe the difference in winding connections between the four types of DC motors. 

5. Describe the differences in the starting and running torque of the four types of DC motors. 


6. List a typical application of each of the four types of DC motors. 


Refer to the CD-ROM 


for Quick Quiz? questions |o 
related to chapter content. | 8 
jE 


=e 


Lockout/Tagout 
Disconnect 


To 

nu. Auxiliary 
ircuit 

ATE Contact 


Thermal Overload Contact 


3 MOTOR 


FROM 230 V, 
36 POWER SUPPLY 
L2/S 

L1/R 


TO 240V, 
3 MOTOR 


Motom Starting ee ee E EE Ae EE E OS EER Ta 238 


EBean a 238 
Reduced-Voltage Starting .......s.esssesresreseerrerssssereseererees 239 
Starting-Method Comparison ......sssssssesssssssreseeseeseresesnee 254 
Supplemental Topic—NEMA and IEC Ratinggs.................. 207 
Supplemental Topic — Solid-State Switches..................... 298 
Application —Wye-Delta Starting Overload Protection...... 259 
SUMMARY ee ceceeec es caseeaise se terse cases a 260 
GIGSSAnV rere cece aero ties E E 261 
REVIGW eect nann noa aa E ncaise <csaenee se sdletvasadeecntneeaens 261 

OBJECTIVES 

e Explain why reduced-voltage starting is often used instead of full-voltage 


starting. 
e Describe the difference between open-circuit and closed-circuit transitions. 
e List the reduced -voltage starting methods and describe the method used 
to reduce the starting current. 
e List the advantages and disadvantages of each starting method. 


Full-voltage starting is the least expensive and most efficient means of start- 
ing a motor for applications involving smali-horsepower motors. Many appli- 
cations involve large-horsepower DC and AC motors that require reduced- 

voltage starting because full-voltage starting may create interference with 


other systems. Reduced-voltage starting reduces interference in the power 
source, the load, and the electrical environment surrounding the motor. 
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Definition 


Full-voltage starting is 

a method of starting a 
motor with the full line 
voltage placed across the 
terminals. 


A manual contactor is a 
control device that uses 
pushbuttons to energize 
or de-energize the load 
connected to it. 


A manual starter is a 
contactor with an added 
overload protection de- 
vice. Manual starters are 
used only in electrical 
motor circuits. 


Locked rotor is a condi- 
tion when a motor is 
loaded so heavily that the 
motor shaft cannot turn. 


MOTOR STARTING 


Motors typically draw starting current that 
is much larger than the current required to 
keep the motor running under load. Some 
motors and electrical systems are designed 
to withstand this large starting current. In 
this case, full-voltage starting is used. Some 
motors or electrical systems are not designed 
to withstand the large starting current. These 
motors use some type of reduced-voltage 
starting to reduce the starting current. 


FULL-VOLTAGE STARTING 


Full-voltage starting is a method of starting 
a motor with the full line voltage placed 
across the terminals. Full-voltage starting is 
also known as across-the-line starting and 
line-voltage starting. The simplest method 
for starting a motor is to apply the full line 
voltage across the stator terminals and es- 
tablish a rotating magnetic field. This is the 
least expensive and most efficient means of 
starting a motor for applications involving 
small-horsepower motors. 

Small motors and single-phase motors are 
almost universally started with full-voltage 
starting. The NEC® gives guidance on the 
current draw based on the code letter on the 
nameplate. Motors of several code letters are 
normally started on full voltage. In addition, 
the NEC® requires a suitable controller for 
all motors. For small portable motors at or 
below 4% HP, a plug and receptacle can be 
used as the controller to apply full-voltage 
starting. See Figure 11-1. 

The two factors to consider when selecting 
a motor for full-voltage starting are whether 
it needs to develop high starting torque or 
high run efficiency. If a motor develops high 
starting torque and fairly low starting currents, 
then the rotor will usually have high resistance 
and poor efficiency at full speed. In order to 
induce enough current to run at full load, the 
rotor must slow down to increase the rotor fre- 
quency. This lowers the efficiency, as the rotor 
will run slower at load. A motor that develops 
high starting current and reasonable torque 
will run at a higher speed at load because of 
the low resistance of the rotor. 


PLUG AND 
RECEPTACLE 
MAY SERVE AS 
CONTROLLER 


Ys-HP (OR LESS) 
PORTABLE MOTOR 


Figure 11-1. For small portable motors at or 
below % HP, a plug and receptacle can be used 
as the controller to apply full-voltage starting. 


Manual Contactors and Starters 


A manual contactor is a control device that 
uses pushbuttons to energize or de-energize 
the load connected to it. Manual contactors 
cannot be used to start and stop motors be- 
cause they have no overload protection built 
into them. A manual starter is a contactor 
with an added overload protection device. 
Manual starters are used only in electrical 
motor circuits. The primary difference 
between a manual contactor and a manual 
starter is the addition of an overload protec- 
tion device. See Figure 11-2. 

The overload protection device must be 
added because the National Electrical Code® 
(NEC®) requires that a control device shall not 
only turn a motor ON and OFF, but shall also 
protect the motor from destroying itself under 
an overloaded situation, such as a locked rotor. 
Locked rotor is a condition when a motor is 
loaded so heavily that the motor shaft cannot 
turn. A motor with a locked rotor draws exces- 
sive current and burns up if not disconnected 
from the line voltage. To protect the motor, the 
overload device senses the excessive current 
and opens the circuit. 


Contactors and Starters 


~= DIRECT 
CONNECTION 
WITHOUT 
OVERLOAD 
PROTECTION 
DEVICE 


MANUAL CONTACTOR 


a OVERLOAD 
PROTECTION 
DEVICE 


MANUAL STARTER 


Figure 11-2. The primary difference between 
a manual contactor and a manual starter is the 
addition of an overload protection device. 


Magnetic Starters 


A magnetic motor starter is an electrically 
operated switch that includes motor over- 
load protection. Magnetic motor starters 
include overload relays that detect exces- 
sive current passing through a motor and 
are used to switch all types and sizes of 
motors. Magnetic motor starters are avail- 
able in sizes that can switch loads of a few 
amperes to several hundred amperes. 
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REDUCED-VOLTAGE STARTING 


In those situations where a system is not 
designed to tolerate the starting current of 
large motors, some type of reduced-voltage 
starting is required. Reduced-voltage start- 
ing reduces the starting voltage, current, and 
torque at the expense of longer start times. 
These longer start times may affect the duty 
cycle. Common methods of reduced-voltage 
starting are primary resistor starting, auto- 
transformer starting, part-winding starting, 
and wye-delta starting. 


Open-Circuit and Closed-Circuit 
Transitions 


Motors that are started at reduced voltage must 
be switched to line voltage before reaching 
full speed. The two methods used to switch 
motors from starting voltage to line voltage 
include open-circuit transition and closed- 
circuit transition. In open-circuit transition, a 
motor is temporarily disconnected from the 
voltage source when switching froma reduced 
starting voltage level to a running voltage 
level, before reaching full motor speed. See 
Figure 11-3. In closed-circuit transition, a 
motor remains connected to the voltage source 
when switching from a reduced starting volt- 
age level to a running voltage level, before 
reaching full motor speed. 

Closed-circuit transition is preferable to 
open-circuit transition because closed-circuit 
transition does not cause a high-current tran- 
sition surge. However, closed-circuit transi- 
tion is the more expensive circuit transition 
method. Open-circuit transition produces 
a higher-current surge than closed-circuit 
transition at the transition point because the 
motor is momentarily disconnected from the 
voltage source. 

The high-current surge during open- 
circuit transition is based on the motor speed 
at the time of transition. Transfer from the 
low starting voltage to the high line voltage 
should occur as close to full motor speed as 
possible. If the transition occurs when the 
motor is at a low speed, a surge current even 
higher than the starting current can occur. 
See Figure 11-4. 


| Definition 


A magnetic motor 
starter is an electrically 
operated switch that 
includes motor overload 
protection. 
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Figure 11-3. Open-circuit transitions from reduced-voltage starting to full-voltage operation can cause a high-current transient 
surge. Closed-circuit transitions minimize transients. 
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Figure 11-4. The transition to full-voltage operation should occur as close to full motor speed as possible. 


Primary-Resistor Starting 

Primary-resistor starting is a method of re- 
duced-voltage starting that places resistors 
in series in the motor power circuit to reduce 
the voltage to the motor. See Figure 11-5. 
The resistors are removed from the circuit 


after the motor has had time to get up to 
speed and the current draw has decreased 
to the normal operating current. 
Primary-resistor starters provide very 
smooth starting due to increasing voltage 
across the motor terminals as the motor 


accelerates. Because of the added resis- 
tance, the circuit is more resistive than 
with full-voltage starting. This improves 
the power factor over full-voltage starting. 
Primary-resistor starting is a slow method 
of starting, and the heat must dissipate 
from the resistors. The expensive, fixed 
resistors make it difficult to modify the 
starting torque of the motor for different 
operating conditions. 


Primary-Resistor Starting 


FULL-VOLTAGE 
STARTER 
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Standard primary-resistor starters provide 
two-point acceleration (one step of resistance) 
with approximately 60% to 70% of line volt- 
age at the motor terminals. Multiple-step start- 
ing is possible by using additional contacts 
and resistors when extra smooth starting and 
acceleration are needed. This multiple-step 
starting may be required in paper or fabric 
applications where even a small jolt in starting 
may tear the paper or snap the fabric. 


-Definition 


Primary-resistor starting 
is a method of reduced- 
voltage starting that 
places resistors in series 
in the motor power cir- 
cuii to reduce the voltage 
to the motor. 
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AT REDUCED-VOLTAGE START 


RUNNING 
CURRENT 


RUNNING CURRENT = 100 OS 


REDUCED- 
VOLTAGE 
STARTER 
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MOTOR WINDINGS 
DURING STARTUP 


Figure 11-5. Primary-resistor starting is a method that places resistors in series in the power circuit. 
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Primary-Resistor Starting Circuits 


Primary-Resistor Starting Circuits. In 
a primary-resistor starting circuit, exter- 
nal resistance is added to and taken away 
from the motor circuit. See Figure 11-6. 
The control circuit consists of the motor 
starter coil M, ON-delay timer TR1, and 
contactor coil C. Coil M controls the mo- 
tor starter, which energizes the motor and 
provides overload protection. The timer 
provides a delay from the point where 
coil M energizes until contacts C close, 
shorting resistors R1, R2, and R3. Coil C 
energizes the contactor, which provides a 
short circuit across the resistors. 

. Pressing start pushbutton PB2 energizes 
motor starter coil M and the ON-delay timer 
coil TR1. Motor starter coil M closes con- 
tacts M to create memory. ON-delay timer 
coil TRI causes contacts TR1 to remain 
open during reset, stay open during timing, 
and close after timing out. Once timed out, 
the contactor coil C energizes, causing con- 
tacts C to close and the resistors to short. 


- 
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This circuit is a common reduced-voltage 
starting circuit. Changes are often made in the 
values of resistance and wattage to accommo- 
date motors of different horsepower ratings. 


DC Reduced-Voltage Starting 


All DC motors are directly connected to the 
armature and field windings. During startup, 
current is limited by the resistance of the wire 
in the armature and the field windings. Larger 
motors have less resistance in the windings 
than smaller motors. Less resistance means 
more current during starting. In large DC mo- 
tors, this starting current may be so high that it 
damages the motor. To prevent motor damage, 
reduced-voltage starting must be applied to 
DC motors larger than about 1 HP. 


The difference between a contactor and 
a starter is that contactors do not provide 
overload (OL) protection. 


(2) 


(3) 


ON-DELAY 
TIMER 


CONTACTOR 


Figure 11-6. A primary-resistor starting circuit automatically removes the resistors from the power circuit after a predeter- 


mined time. 


Reduced-voltage starting of DC mo- 
tors reduces the amount of current during 
starting. As the motor accelerates, the 
reduced voltage may be removed because 
the current in the motor decreases with an 
increase in motor speed. This decrease in 
current results from the motor generating 
a countervoltage that is opposite to the ap- 
plied voltage as it accelerates. 


DC Reduced-Voltage Starting Circuits. 
A Starting rheostat or a solid-state circuit 
is used when reduced-voltage starting is 
applied to DC motors. The starting rheostat 
is connected in series with the incoming 
power line (typically the positive DC line) 
and the motor. The rheostat reduces the 


BC Motor Starting Circuits 
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voltage applied to the motor during starting 
by placing a high resistance in series with 
the motor. The resistance is decreased as 
the rheostat is moved to the run position. 
See Figure 11-7. 

The starting rheostat is controlled 
manually, which means that the operator 
determines the exact starting time. Al- 
though a starting rheostat can also be used 
to control motor speed (the speed of a DC 
motor varies with the applied voltage), the 
purpose of a starting rheostat is to reduce 
the voltage (and thus current and torque) 
during starting. After the motor is started, 
a different circuit can be used to control 
motor speed. 
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Figure 11-7. A starting rheostat is used when reduced-voltage starting is applied to DC motors. 
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Autotransformer 
starting is a method of 
reduced-voltage starting 
that uses a tapped three- 
phase autotransformer 
to provide reduced volt- 
age for starting. 


Autotransformer Starting 


Autotransformer starting is a method 
of reduced-voltage starting that uses a 
tapped three-phase autotransformer to 
provide reduced voltage for starting. See 
Figure 11-8. After a predetermined time, 
timers actuate a circuit that connects the: 
motor to full line voltage. Autotrans- 
former starting is relatively expensive, but 
is preferred over primary resistor starting 
when the starting current drawn from the 
line must be held to a minimum value 
yet the maximum starting torque per line 
ampere is required. 
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J AUTOTRANSFORMER STARTING 


BASED ON 
TAP USED 


1 
1 = VOLTAGE AT MOTOR 
2 = LINE CURRENT WHEN STARTING 
3 = STARTING TORQUE 


Figure 11-8. Autotransformer starting uses 
a tapped autotransformer to provide reduced 
voltage for starting. 


A typical autotransformer may have a 
turns ratio of 1:0.8. Because of the trans- 
former action, autotransformer starting has 
higher current in the coils than is drawn from 
the line. Because of the added inductance 
from the transformer coils, autotransformer 
starting reduces the power factor. 

The electric utility commonly sets a limit 
of 400% current draw from the power line on 
the line side of the transformer. For example, 
a motor has a full-voltage starting torque of 
120% and a full-voltage starting current of 


600%. The power company has set a limita- 
tion of 400% current draw from the power 
line. This limitation is set only for the line side 
of the controller. Because the transformer has 
a step-down ratio, the motor current on the 
transformer secondary is larger than the line 
current. In this case, the current in the primary 
of the transformer must not exceed 400%. 

In this example, with the line current 
limited to 400%, 80% voltage can be ap- 
plied to the motor, generating 80% motor 
current. The motor draws only 64% line 
current (0.8 x 80 = 64%) due to the 1:0.8 
turns ratio of the transformer. The ad- 
vantage is that the starting torque is 77% 
(0.8 x 80 of 120%) instead of the 51% 
obtained in primary resistor starting. This 
additional percentage may be sufficient 
accelerating energy to start a load that 
may be difficult to start otherwise. 


Autotransformer Starting Circuits. In an 
autotransformer starting circuit, the various 
windings of the transformer are added to 
and taken away from the motor circuit to 
provide reduced voltage when starting. See 
Figure 11-9. 

The control circuit consists of an ON-delay 
timer TR1 and contactor coils C1, C2, and 
C3. Pressing start pushbutton PB2 energizes 
the timer, causing instantaneous contacts 
TRI in line 2 and 3 of the line diagram to 
close. Closing the normally open (NO) timer 
contacts in line 2 provides memory for timer 
TR1, while closing NO timer contacts in line 
3 completes an electrical path through line 4, 
energizing contactor coil C2. The energizing 
of coil C2 causes NO contacts C2 in line 5 
to close, energizing contactor coil C3. The 
normally closed (NC) contacts in line 3 also 
provide electrical interlocking for coil C1 
so that they may not be energized together. 
The NO contacts of contactor C2 close, 
connecting the ends of the autotransformers 
together when coil C2 energizes. When coil 
C3 energizes, the NO contacts of contactor 
C3 close and connect the motor through the 
transformer taps to the power line, starting the 
motor at reduced inrush current and starting 
torque. Memory is also provided to coil C3 
by contacts C3 in line 6. 


After a predetermined time, the ON-delay 
timer times out and the NC timer contacts TR 1 
open in line 4, de-energizing contactor coil 
C2, and NO timer contacts TR1 close in line 
3, energizing coil C1. In addition, NC contacts 
C1 provide electrical interlock in line 4, and 
NC contacts C2 in line 3 return to their NC 
position. The net result of de-energizing C2 
and energizing C1 is the connecting of the 
motor to full line voltage. 
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Note that during the transition from 
Starting to full line voltage, the motor was 
not disconnected from the circuit, indicat- 
ing closed-circuit transition. As long as the 
motor is running in the full-voltage condi- 
tion, timer TRI and contactor Cl remain 
energized. Only an overload or pressing the 
stop pushbutton stops the motor and resets 
the circuit. Overload protection is provided 
by a separate overload block. 


Autotransformer Starting Circuits 


SEPARATE 
OVERLOAD BLOCK 


SOLID-STATE 
OVERLOAD UNIT 
MAY ALSO 

BE USED 


(2, 3, 3, 4) 


ON-DELAY 
TIMER 


Figure 11-9. Autotransformers typically have three possible taps that can be used to adjust the voltage. 
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In this circuit, pushbuttons are used to 
control the motor. However, any NO and/or 
NC device may be used to contro] the mo- 
tor. Thus, in an air conditioning system, 
the pushbuttons would be replaced with a 
temperature switch, and the circuit would 
be connected for two-wire control. 


Impedance Reduced-Voltage Starting. 
A starter using reactors instead of auto- 
transformers looks almost identical to an 
autotransformer starter. See Figure 11-10. 
The difference between the two methods is 
that an autotransformer is connected across 


ON-DELAY 


TIMER 


TR1 (INST) 


the line and the reactor has one lead to the line 
and one lead to the stator lead. Rather than se- 
lecting different voltages with the taps on the 
autotransformer, impedance is added to the 
circuit to lower the voltage to the stator. The 
voltage drop depends on which tap is selected. 
Inductors in series act just as resistors in series 
do, with the source voltage dropped across 
the inductors (stator and reactors) in series. 
When sufficient time to accelerate the motor is 
monitored by a time-delay relay, the reactors 
are shunted by the contacts in the starter and 
the motor sees the source in its entirety. 


SOLID-STATE 
OVERLOAD UNIT 
MAY ALSO 

BE USED 


(2, 3, 3, 4) 


Figure 11-10. A starter using reactors instead of autotransformers looks almost identical to an autotransformer starter. 


Part-Winding Starting 


Part-winding starting is a method of reduced- 
voltage starting that applies voltage to only 
part of the motor coil windings for starting 
and then applies power to the remaining 
coil windings for normal running. The 
motor stator windings must be divided 
into two or more equal parts for a motor 
to be started using part-winding starting. 
Each equal part must have its termina- 
tion available for external connections. 
In most applications, a wye-connected 
motor is used. 

Part-winding starting is the least ex- 
pensive reduced-voltage starting method. 
Part-winding starting has poor starting 
torque because the starting torque is fixed. 
It is unsuitable for heavy loads or long starts 
because it is subject to overheating until the 
entire winding is in the circuit. 

Not all motors should be part-winding 
started. Consult the manufacturer speci- 
fications before applying part-winding 
starting to a motor. Some motors are 
wound sectionally with part-winding 
starting in mind. Indiscriminate appli- 
cation of part-winding starting to any 
dual-voltage motor can lead to exces- 
sive noise and vibration during starting, 
overheating, and extremely high transient 
currents on switching. 

Part-winding starting is not truly a 
reduced-voltage starting method. Part- 
winding starting is usually classified as 
reduced-voltage starting because of the 
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The ON-delay NO contacts of ON-delay 
timer TRI in line 2 remain open during 
timing and close after timing out, energiz- 
ing coil M2. When M2 energizes, L1 is 
connected to T7, L2 to T8, and L3 to T9, 
applying voltage to the second set of wye 
windings. The motor now has both sets 
of windings connected to the supply volt- 
age for full current and torque. The motor 
may normally be stopped by pressing stop 
pushbutton PB1 or by an overload in any 
line. Each magnetic motor starter need be 
only half-size because each one controls 
only one-half of the winding. Overloads 
must be sized accordingly. 


Part-Winding Starti E] Cicuits pn 


Definition _ 


Part-winding starting 

is a method of reduced- 
voltage starting that 
applies voltage to only 
part of the motor coil 
windings for starting and 
then applies power to the 
remaining coil windings 
for normal running. 


INTERNAL MOTOR 
CONNECTION 


T4-T5-T6 
CONNECTION MADE 
BY ELECTRICIAN 


resulting reduced current and torque. 


Part-Winding Starting Circuits. Part- 
winding reduced-voltage starting is less 
expensive than other starting methods and pro- 
duces less starting torque. See Figure 11-11. 

The control circuit consists of motor 
starter M1, ON-delay timer TR 1, and motor 
starter M2. Pressing start pushbutton PB2 
energizes starter M1 and timer TRI. M1 
energizes the motor, and closes contacts 
MI in line 2 to provide memory. With the 
motor starter M1 energized, L1 is connected 
to T1, L2 to T2, and L3 to T3, starting the 
motor at reduced current and torque through 
one-half of the wye windings. 


ON-DELAY 
TIMER 


Figure 11-11. Part-winding starting applies voltage to only part of the motor 
coil windings for starting and then applies power to the remaining coil wind- 
ings for normal running. 
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Wye-Connected Motors. A motor suitable 
for part-winding starting has two sets of 
identical windings in parallel. These wind- 
ings produce reduced-starting current and 
reduced starting torque when energized in 
sequence. Most dual-voltage 230/460-V 


motors are suitable for part-winding start- 


ing at 230 V. See Figure 11-12. 
Part-winding starters are typically avail- 

able in either two- or three-step construction. 

The more common two-step starter is 


nme ingen a n e 


CONTROL TRANSFORMER 


T1, T2, T3 


LOW VOLTAGE (PARALLEL) 


| 
L 


designed so that when the control circuit 
is energized, one winding of the motor is 
connected directly to the line. This wind- 
ing draws about 65% of normal locked- 
rotor current and develops approximately 
45% of normal motor torque. After a 
short time, the second winding is con- 
nected in parallel with the first winding in 
such a way that the motor is electrically 
complete across the line and develops its 
normal torque. 


TO HIGH-VOLTAGE 
POWER SOURCE 


Lil2 L3 


OVERLOAD 


HEATER 


Figure 11-12. A motor suitable for part-winding starting has two sets of identical windings in parallel. 


Wye-Delta Starting 


Wye-delta starting accomplishes reduced- 
voltage starting by first connecting the mo- 
tor leads in a wye configuration for starting. 
A motor started in the wye configuration 
receives approximately 58% of the normal 
voltage and develops approximately 33% 
of the normal torque. Wye-delta starting 
works well with high-inertia, long-starting 
loads because the voltage and current are 
normally well within the winding ratings. 

Single-voltage, wye-delta motors are 
specially wound with six leads extending 
from the motor to enable the windings to be 
connected in either a wye or delta configura- 
tion. See Figure 11-13. When a wye-delta 
Starter is energized, two contactors close. 


Wye-Delta Starting 
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One contactor connects the windings in a 
wye configuration and the second contactor 
connects the motor to line voltage. After a 
time delay, the wye contactor opens, momen- 
tarily de-energizing the motor, and the third 
contactor closes to reconnect the motor to the 
power lines with the windings connected in 
a delta configuration. A wye-delta starter is 
inherently an open-transition system because 
the leads of the motor are disconnected and 
then reconnected to the power supply. 

This starting method does not require any 
accessory voltage-reducing equipment such 
as resistors and transformers. Wye-delta 
starting gives a higher starting torque per 
line ampere than part-winding starting, with 
considerably less noise and vibration. 


MOTOR WINDING 


HAS LOWER VOLTAGE 


DURING STARTUP 


WYE-DELTA MOTOR 
WITH NO INTERNAL 
CONNECTIONS 


MOTOR CONNECTED 
FOR WYE START 


T4-T5-T6 


T2 


MOTOR WINDING 
HAS HIGHER VOLTAGE 
DURING RUNNING 


-WYE-DELTA MOTOR 
WITH NO INTERNAL 13-14 
CONNECTIONS 


MOTOR CONNECTED 
FOR DELTA RUN 


Figure 11-13. Single-voltage, wye-delta motors have six leads extending from the motor to allow the motor to be connected 
in a wye or delta configuration. 
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Wue-Delta Starting 


Wye-delta starters have the disadvantage 
of being open transition. Closed-transition 
versions are available at additional cost. In 
closed-transition, wye-delta starters, the 
motor windings are kept energized for the 
few cycles required to transfer the motor 
windings from wye to delta. Such starters‘ 
are provided with one additional contactor 
plus a resistor bank. 


Wye-Delta Starting Circuits. The control 
circuit of a typical wye-delta starting circuit 
consists of motor starter coils M1 and M2, 
contactor C1, and ON-delay timer TR1. See 
Figure 11-14. Pressing start pushbutton PB2 
energizes coil M1, which provides memory 
in line 2 and connects the power lines L1 to 
T1, L2 to T2, and L3 to T3. Contactor coil 
C1 in line 3 is energized, providing electri- 
cal interlock in line 2 and connecting motor 
terminals T4 and T5 to T6 so the motor starts 


pre 


pits 


ON-DELAY TIMER 


in a wye configuration. TR1 in line 3 is also 
energized, and after a preset time the ON- 
delay timer times out, causing the NO TR1 
contacts in line 2 to close and the NC TR1 
contacts in line 3 to open. The opening of the 
NC contacts in line 3 disconnects contactor 
C1, and an instant later the NO contacts 
in line 2 energize the second motor starter 
through coil M2. 

The short time delay between M2 and 
Cl is necessary to prevent a short circuit in 
the power lines and is provided through the 
NC auxiliary contacts of C1 in line 2. With 
contactor C1 de-energized, terminals T5, 
T6, and T4 are connected to power lines T1, 
T2, and T3 because L1, L2, and L3 are still 
connected to run in a delta configuration. 
The circuit can normally be stopped only 
by an overload in any line or by pressing 
the stop pushbutton PB1. 


TWO-SPEED 
STARTER 


Figure 11-14. A wye-delta starting circuit uses a two-speed starter with an ON-delay timer to start a wye-delta motor. 


Wye-Delta Motors. Windings of a wye-delta 
motor may be joined to form a wye or delta 
configuration. Wye-delta motors are usually 
more expensive special-order motors because 
they are made with external connections in- 
stead of the internal connections that exist in 
standard wye and delta motors. These external 
connections allow the electrician to connect 
the motor leads into a wye-connected motor 
or into a delta-connected motor. 

Each coil winding in the motor receives 
208 V if a delta-connected motor is con- 
nected across a 208-V, 3-phase power line. 
This is because each coil winding in the 
motor is connected directly across two 
power lines. See Figure 11-15. 

Each coil winding in a wye-connected 
motor receives 120 V if it is connected 
across a 208-V, 3-phase power line. This 
is because there are two coils connected in 
series across any pair of power lines. 


Wye-Delta Motor Voltages 


DELTA CONNECTED 


NOTE: V3 = 1.73 


V =120 xV3 
V=120x 1.73 
V =208 V 


T4-T5-T6 q2 


WYE CONNECTED 


Figure 11-15. The voltage across the coils in 
a wye-delta motor is different depending on 
whether the motor is wired in a wye or delta 
configuration. 
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When calculating the voltage in the coil 
for a wye-connected circuit, the voltage is 
equal to the line voltage divided by V3 (1.73). 
The coil voltage is equal to 120 V (208/1.73) 
because the line voltage is equal to 208 V. A 
wye-delta motor connected to a line voltage 
of 208 V starts with 120 V (wye) and runs 
with 208 V (delta) across the motor wind- 
ings, thus reducing starting voltage. 


Solid-State Starting 


A solid-state starter is a motor starter that uses 
a solid-state device, such as an insulated gate 
bipolar transistor (GBT) or silicon-controlled 
rectifier (SCR), to control motor voltage, cur- 
rent, torque, and speed during acceleration. 

A solid-state reduced-voltage starter 
ramps up motor voltage as the motor ac- 
celerates, instead of applying full voltage 
instantaneously as is done with full-voltage 
starters. A solid-state starter reduces inrush 
current compared to the high inrush current 
produced by across-the-line starters. Solid- 
state starters also minimize starting torquc, 
which can damage some loads connected to 
the motor, and smooth out motor accelera- 
tion. See Figure 11-16. 

Solid-state starting has adjustable ac- 
celeration time, energy-saving features, and 
soft starts. This provides a smooth, stepless 
acceleration in applications such as starting 
conveyors, compressors, pumps, and a wide 
range of other industrial applications. 

The advantage of solid-state devices is 
that they are small in size, are rugged, and 
have no contacts. Virtually unlimited life 
can be expected when solid-state devices 
operate within specifications. The major 
disadvantage of solid-state starting is its 
relatively high cost in relation to other sys- 
tems. Specialized maintenance and instal- 
lation training is often required. 


Solid-State Starting Circuits. A typical 
solid-state starting circuit consists of both 
start and run contactors connected in the cir- 
cuit. The start contactor contacts C1 are in 
series with the SCRs and the run contactor 
contacts C2 are in parallel with the SCRs. 
See Figure 11-17. 


_ Definition 


A Solid-state starter is a 
motor starter that uses a 
solid-state device, such 
as an insulated gate bi- 
polar transistor (IGBT) 
or Silicon-controlled rec- 
tifier (SCR), to control 
motor voltage, current, 
torque, and speed during 
acceleration. 
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Figure 11-17. In a solid-state starting circuit, the SCRs control the motor until it approaches full speed. 


The start contacts C] close and the 
acceleration of the motor is controlled by 
triggering ON the SCRs when the starter 
is energized. The SCRs control the motor 
until it approaches full speed, at which 
time the run contacts C2 close, connecting 
the motor directly across the power line. At 
this point, the SCRs are turned OFF, and 
the motor runs with full power applied to 
the motor terminals. 


Soft Starters. A soft starter is a device 
that provides a gradual voltage increase 
(ramp up) during AC motor starting. Most 
soft starters also provide soft stopping 
(ramp down) capabilities. Soft starters are 
part of solid-state starters used to control 
single-phase and three-phase motors. 

Soft starting is achieved by increasing 
the motor voltage in accordance with the 
setting of the ramp-up control. A poten- 
tiometer is used to set the ramp-up time 
(normally 1 sec to 20 sec). Soft stopping 
is achieved by decreasing the motor volt- 
age in accordance with the setting of the 
ramp-down control. 

A second potentiometer is used to set 
the ramp-down time (normally | sec to 20 
sec). A third potentiometer is in the circuit 
to adjust the starting level of motor voltage 
to a value at which the motor starts to rotate 
immediately when soft starting is applied. 
See Figure 11-18. 

Like any solid-state switch, a soft start- 
er produces heat that must be dissipated 
for proper operation. The heat dissipation 
requires large heat sinks and sometimes 
requires forced ventilation when high- 
current loads (motors) are controlled. For 
this reason, a contactor is often added in 
parallel with a soft starter. The soft starter 
is used to contro] the motor when the mo- 
tor is starting or stopping. The contactor is 
used to short out or bypass the soft starter 
when the motor is running. This allows 
for soft starting and soft stopping without 
the need for large heat sinks during mo- 
tor running. The soft starter includes an 
output signal that is used to control the 
time when the contactor is ON or OFF. 
See Figure 11-19. 
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Figure 11-18. With soft starting, the ramp time 
and starting torque are adjustable. 
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Furnas Electric Co. 
A magnetic motor starter is a contactor with added 
overload protection. 


| Definition 


A Soft starter is a 
device that provides 

a gradual voltage 
increase (ramp up) dur- 
ing AC motor starting. 
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Figure 11-19. A soft starter includes an output signal that is used to control the time when the 


contactor is ON or OFF. 


STARTING-METHOD 
COMPARISON 


Several starting methods are available when 
an industrial application calls for using 
reduced-voltage starting. The amount of 
reduced current, the amount of reduced 
torque, and the cost of each starting method 
must be considered when selecting the ap- 
propriate starting method. 

The selection is not simply a matter of 
selecting the starting method that reduces 
the current the most. The motor does not 
start and the motor overloads trip if the 
starting torque is reduced too much. 

A general comparison can be made of the 
amount of reduced current for each type of 
starting method compared to across-the-line 
starting. See Figure 11-20. The amount of 
reduced current is adjustable when using 
solid-state or autotransformer starting. 
Autotransformer starting uses taps so the 
amount of reduced current is somewhat 
adjustable. Solid-state starting is adjust- 
able throughout its range. Some primary 
resistor starters are adjustable, others are 


not. Part-winding and wye-delta starting 
are not adjustable. 

A general comparison can be made of 
the amount of reduced torque for each type 
of starting method compared to across-the- 
line starting. The amount of reduced torque 
is adjustable when using the solid-state or 
autotransformer starting method. The au- 
totransformer starting method has taps, so 
the amount of reduced torque is somewhat 
adjustable. Solid-state starting is adjustable 
throughout its range. The motor overloads 
trip if the load requires more torque than the 
motor can deliver. The torque requirements 
of the load must be taken into consideration 
when selecting a starting method. 

A general comparison can also be made 
of the costs for each type of starting method 
compared to across-the-line starting. Al- 
though reducing the amount of starting current 
or starting torque in comparison to the load 
requirements is the primary consideration for 
selecting a starting method, cost may also 
have to be considered. The costs vary for each 
starting method. See Figure 11-21. 
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The primary resistor starting method is 
used when it is necessary to restrict inrush 
current to predetermined increments. Pri- 
mary resistors can be built to meet almost 
any current inrush limitation. Primary resis- 
tors also provide smooth acceleration and 
can be used where it is necessary to control 
starting torque. Primary resistor starting 
may be used with any motor. 

The autotransformer starting method 
provides the highest possible starting torque 
per ampere of line current and is the most 
effective means of motor starting for ap- 
plications where the inrush current must 
be reduced with a minimum sacrifice of 
starting torque. Three taps are provided on 
an autotransformer, making it field adjust- 
able. Cost must be considered because the 
autotransformer is the most expensive type 
of transformer. Autotransformer starting 
can be used with any motor. 

The part-winding starting method is sim- 
ple in construction and economical in cost. 
Part-winding starting provides a simple 
method of accelerating fans, blowers, and 
other loads involving low starting torque. 
The part-winding starting method requires 
anine-lead wye motor. The cost is less than 
for other methods because no external resis- 
tors or transformers are required. 

The wye-delta starting method is par- 
ticularly suitable for applications involving 
long accelerating times or frequent starts. 
Wye-delta starting is commonly used for 
high-inertia loads such as centrifugal air 
conditioning units, although it can be used 
in applications where low starting torque 
is necessary or where low starting current 
and low starting torque are permissible. The 
wye-delta starting method requires a special 
six-lead motor. 

The solid-state starting method provides 
smooth, stepless acceleration in applications 
such as starting conveyors, compressors, and 
pumps. Solid-state starting uses a solid-state 
controller, which uses SCRs to control motor 
voltage, current, and torque during accelera- 
tion. Although the solid-state starting method 
offers the most control over a wide range, it 
is also the most expensive. 


Motor Starting Parameter Comparison 
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Figure 11-20. The different starting methods all have different starting cur- 
rents, torques, and costs, allowing a starting method to be chosen for a 


specific application. 


Motor starters and control transformers are often placed in the same enclosure. 
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Starter 
Type 


Across-the-Line 


Primary Resistor 


Autotransformer 


Starting 
Characteristics 


Starting 


Torque 


Standard Motor 


Extra Acceleration 
Steps Available 


Installation 
` Cost 


Highest 


Advantages 


` 


inexpensive, readily available, 
simple to maintain, maximum 
starting torque 


Smooth acceleration, high power 
factor during start, less expensive 
than autotransformer starter in 
low HPs, available with as many 
as 5 accelerating points 


Disadvantages 


High inrush, high starting 
torque 


Low torque efficiency, resistors 
give off heat, starting time in 
excess of 5 sec, requires 
expensive resistors, difficult to 
change starting torque under 
varying conditions 


Applications 


Many and various 


Belt and gear drives, 
conveyors, textile 
machines 


Provides highest torque per 
ampere of line current, 3 different 
starting torques available through 
autotransformer taps, suitable for 
relatively long starting periods, 
motor current is greater than line 
current during starting 


Least expensive reduced-voltage 
starter, most dual-voltage motors 
can be started part-winding on 

lower voltage, small physical size 


Suitable for high-inertia, long- 
acceleration loads, high torque 
efficiency, ideal for especially 
stringent inrush restrictions, ideal 
for frequent starts 


Energy-saving features available, 
voltage gradually applied during 
starting for a soft start condition, 
adjustable acceleration time, 
usually self-calibrating, adjustable 
built-in braking features included 


Is most expensive design in lower 
HP ratings, low power factor, 
large physical size 


Unsuited for high-inertia, long- 
starting loads, requires special 
motor design for voltage higher 
than 230 V, motor does not start 
when torque demanded by load 
exceeds that developed by motor 
when first half of motor is 
energized, first step of 
acceleration must not exceed 5 
sec or motor overheats 


Requires special motor, low 
starting torque, momentary inrush 
Occurs during open transition 
when delta contactor is closed 


High cost, requires specialized 
maintenance and installation, 
electrical transients can damage 
unit, requires good ventilation 


Blowers, pumps, 
compressors, 
conveyors 


Reciprocating 
compressors, 
pumps, blowers, 
fans 


Centrifugal 
compressors, 
centrifuges 


Machine tools, 
hoists, packaging 
equipment, 
conveyor 
systems 


* Standard dual-voltage 230/460 V motor can be used on 230 V systems 
+ Very uncommon 
$ Closed transition available for average of 30% more cost 


Figure 11-21. All starting methods have advantages and disadvantages that influence which method is chosen for any 
particular application. 
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| NEMA and IEC Ratings 


Contactors and motor starters are rated In addition to the standard NEMA 4 
according to the size (horsepower and/or. ratings, some motor starter manufac- 3 
current rating) and their voltage rating. turers also provide motor-matched D 
The National Electrical Manufacturers sizes (MM sizes). Motor-matched sizes | 
Association (NEMA) and the international fall between the standard NEMA sizes. m 
Electrotechnical Commission (IEC) are Motor-matched sizes allow for a more =! 
two primary organizations that rate con- closely matched size in applications a 
tactors and motor starters. in which the motor size is known and aj 


NEMA contactors and motor starters Some cost savings can be gained by 
are based on their continuous current Using a half-size rated starter. 
(amperage) rating and voltage rating. 
NEMA ratings are listed as a size number, 
which ranges from size 00 to size 9. 


ado 


Motor-Matched 
Size Ratings 
SO Sc 

MM Continuous- 

Size Current 

| Rating" 


Nema Contactor 
And Starca Ratings 


Current 
Rating" 


IEC Contactor 
and Starter Ratings Ratin s 


Utilization an Category 
Category Description 


Used with noninductive or 
slightly inductive loads such as 
lamps and heating elements. 


CoONANAWN=o 8S] 


AC-1 


Used with light inductive loads 
such as solenoids. 


IEC contactors and motor starters are 
based on their maximum operational cur- 


Used with motors in which the 


rent (amperage) rating. The IEC does not AC-3 motor is typically turned OFF 
specify a size number. Instead, IEC con- only after the motor is operating 
at full speed. 


tactors and motor starters state a utiliza- 
tion category rating that defines the typical 
duty of the IEC contactor or motor starter. 
Utilization categories AC-3 and AC-4 are 
used for most motor applications. 


Used with motors in which the 
AC-4 motor is used with rapid starting 
and stopping (jogging, inching, 

plugging, etc.). 


Supplemental Topit 
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id-State Switches 


Solid-state switches are electronic devices that have no 
moving parts (contacts). Solid-state switches can be used 
in most motor control applications. Advantages of solid- 
state switches include fast switching, no moving parts, 
long life, and the ability to be interfaced with electronic 
circuits (PLCs and PCs). However, solid-state switches 
must be properly selected and applied to prevent poten- 
tial problems. Solid-state switches include transistors, 
silicon-controlled rectifiers (SCRs), insulated gate bipolar 
transistors (IGBTs), triacs, and alternistors. 


Transistors 

A transistor is a three-terminal device that controls 
current through the device depending on the amount 
of voltage applied to the base. Transistors may be 
NPN or PNP transistors. Transistors can be switched 
ON and OFF quickly. Transistors have a very high re- 
sistance when open and a very low resistance when 
closed. Transistors are used to switch low-level DC 
only. When transistors are used as switches, a diode 
can be mounted across the transistor to avoid damage 
from high-voltage spikes (transients). 


Silicon-Controlled Rectifiers 


A silicon-controlled rectifier (SCR) is a solid-state rec- 
tifier with the ability to rapidly switch heavy currents. 
SCRs are used as solid-state, low- and high-level DC 
switches. An SCR is either ON or OFF. The SCR is 
turned ON when voltage is applied to its gate. The SCR 
remains ON as long as current flows through the anode 
and cathode. The SCR is turned OFF when current flow 
is stopped. One SCR can be used to switch high-level 
DC. When controlling high-level AC, two SCRs can be 
mounted in an antiparallel configuration. Each SCR is 
used to control one-half of the AC sine wave. The ad- 
vantage of using two separate SCRs (rather than one 
triac) is greater heat dissipation. One SCR in a diode 
bridge can be used when low-level current switching is 
required (often on printed circuit boards). 


Insulated Gate Bipolar Transistors 


An insulated gate bipolar transistor (IGBT) is a combi- 
nation of several solid-state devices with high current 
and voltage capabilities and has a high switching speed 
and easy control. The widespread use of the IGBT as 
the switching element in inverters is a relatively recent 
development. The main benefits of an IGBT are the very 
fast switching time and high current-carrying capacity. 


This results in very efficient circuits. 


Triacs 


A triac is a three-terminal semiconductor thyristor 
that is triggered into conduction in either direction by 
a small current to its gate. Triacs are used as solid- 
state AC switches. Like an SCR, a triac is either ON 
or OFF. Attriac is turned ON when voltage is applied 
to its gate. Once ON, the triac allows current to flow 
in both directions (AC). The triac is turned OFF when 
the gate voltage is removed. A triac that is used as 
a switch may have a snubber mounted across it to 
avoid damage from high-current transients. 


Alternistors 


An alternistor is two antiparallel thyristors and a 
triac mounted on the same chip. The alternistor was 
developed specially for industrial AC high-current 
switching applications. A combination of three al- 
ternistors is normally used in three-phase switching 
applications. An alternistor requires less space than 
antiparallel SCRs. The components are separated 
for increased heat dissipation. 


Device/Application Symbol 


COLLECTOR COLLECTOR 
TRANSISTOR 


NPN or PNP DC switch, 

used to switch low-level 

DC > 
EMITTER 
NPN 


BASE 


EMITTER 
PNP 


SCR CATHODE 
DC switching device, nee ase 
one SCR used to switch SCR 


high-level currents 


Two antiparallel SCRs 
used to switch AC, 

provides better cooling 
than triac alone 


n 


ANTIPARALLEL SCRs 


LEJ 


SCR IN DIODE BRIDGE 
COLLECTOR 


One SCR in diode 
bridge used to switch 
low-level DC 


IGBT 
DC switching device 


EMITTER 


TRIAC 
AC switching device 


ah 


ALTERNISTOR 
AC switching device 
used to switch high-level 
AC, normally used when 

switching three-phase 

currents, provides better 
cooling than triac alone 


ALTERNISTOR 


Application — Wye-Delta 
Starting Overload Protection 


A wye-delta motor is connected in a wye 
configuration during starting and then re- 
connected in a delta configuration during 
running. A wye-delta motor can be wound 
in single-voltage or dual-voltage configura- 
tions. A single-voltage, wye-delta motor 
needs 6 leads. A dual-voltage, wye-delta 
motor must have 12 leads. 


For a delta-connected motor, the coil volt- 
age is equal to the line voltage. For a wye- 
connected motor, the coil voltage is less 
than the line voltage. For a 100-A, 480-V 
motor, the coils are rated at 480 V. In a delta 
configuration, the voltage across the coils 
is 480 V. In a wye configuration, the voltage 
across the coils voltage is 58% of the delta 
voltage and is calculated as follows: 


line 


E oi T AP 
480 
E ott E B 


EREIN 


coil 


For a wye-connected motor, the coil 
current is equal to the line current. For a 
delta-connected motor, the coil current is 
less than the line current. Since the motor 
nameplate current is 100 A, the coils are 
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rated at 100 A. In a wye-configuration, 
the current through the coils is 100 A. In 
a delta configuration, the current through 
the coils is 58% of the wye current and is 
calculated as follows: 


— _line 


La = J3 


} 100 
coil B 
Loit = 58 A 


Therefore, the current in a wye-connected 
motor is 58% of the current in a delta- 
connected motor. Since the voltage is also 
only 58% of the line voltage, the starting 
current of a wye-connected motor is 58% 
of 58%, or 33%, of the full-voltage starting 
current of a delta-connected motor. 


The nameplate current is the line cur- 
rent at full load. The overload is placed in 
series with the stator coils to monitor the 
coil current, not the line current. There- 
fore, overloads in a wye-delta motor are 
sized for the stator coil current, not the line 
current. Since a wye-delta motor operates 
in a delta configuration, only 58% of the 
line current flows through each coil and 
the overloads are sized for 58% of the 
line current. 


bures —uvonjesjddy 
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* Full-voltage starting is the simplest and least expensive method of starting a motor. 


e Full-voltage starting has high starting current and high starting torque. 


e Primary resistor starting uses resistors in series in the power line to reduce the starting voltage and current to 
about 60% to 70% of full-voltage starting. 


e Primary resistor starting has relatively slow starting, uses relatively expensive resistors, and makes it difficult 
to change the starting torque to match varying conditions. 


¢ Autotransformer starting reduces the starting voltage to 80%, 65%, or 50% of line voltage, depending on the 
tap chosen. 


e Autotransformer starting provides the highest torque per ampere of line current, with the motor current greater 
than line current during starting. 


e Autotransformer starting is relatively expensive, especially in smaller motors, and has a low power factor. 


e Impedance reduced-voltage starting uses a tapped reactor coil instead of an autotransformer to reduce the start- 
ing voltage. 


e Part-winding starting uses full line voltage, but reduces starting current by using only some of the windings. 
e Part-winding starting is the least expensive reduced-voltage starting method. 


e Part-winding starting is unsuitable for high-inertia, long-starting loads because it may result in overheating with 
heavy loads or long starts. 


e Wye-delta starting starts a motor in a wye configuration and switches to a delta configuration for full-load operation. 
e Wye-delta starting has low starting current and works well with high-inertia, long-starting loads. 

e Wye-delta starting requires a special motor. 

e Solid-state starting uses solid-state components to control the voltage and current during starting. 

e Solid-state starting has energy-saving features and allows soft starts and adjustable acceleration time. 


e Solid-state starting has the highest cost of the starting methods and may require specialized maintenance and 
installation training. 


e In an open-circuit transition, the motor is temporarily disconnected from the power circuit as the motor is 
switched from reduced-voltage starting to full-voltage running. 


e Ina closed-circuit transition, the motor remains connected to the power circuit as the motor is switched from 
reduced-voltage starting to full-voltage running. 
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Glossary 


Full-voltage starting is a method of starting a motor with the full line voltage placed across the terminals. 
A manual contactor is a control device that uses pushbuttons to energize or de-energize the load connected to it. 


A manual starter is a contactor with an added overload protection device. Manual starters are used only in elec- 
trical motor circuits. 


Locked rotor is a condition when a motor is loaded so heavily that the motor shaft cannot turn. 
A magnetic motor starter is an electrically operated switch that includes motor overload protection. 


Primary-resistor starting is a method of reduced-voltage starting that places resistors in series in the motor 
power circuit to reduce the voltage to the motor. 


Autotransformer starting is a method of reduced-voltage starting that uses a tapped three-phase autotransformer 
to provide reduced voltage for starting. 


Part-winding starting is a method of reduced-voltage starting that applies voltage to only part of the motor coil 
windings for starting and then applies power to the remaining coil windings for normal running. 


A solid-state starteris a motor starter that uses a solid-state device, such as an insulated gate bipolar transistor (IGBT) 
or silicon-controlled rectifier (SCR), to control motor voltage, current, torque, and speed during acceleration. 


A soft starter is a device that provides a gradual voltage increase (ramp up) during AC motor starting. 


1. Explain the difference between open-transition and closed-transition starting. 
2. Explain why reduced-voltage starting is used instead of full-voltage starting. 
3. List some advantages and disadvantages of full-voltage starting. 

4. List some advantages and disadvantages of primary resistor starting. 

5. List some advantages and disadvantages of autotransformer starting. 

6. List some advantages and disadvantages of part-winding starting. 

7. List some advantages and disadvantages of wye-delta starting. 

8. List some advantages and disadvantages of solid-state starting. 


9. Explain why an autotransformer starter has more torque than other starters for the same line current. 


APRE 
Refer to the CD-ROM \ 
for Quick Quiz? questions o 


related to chapter content. 


== 
—_— | sat 


Plugging Switch 


Brakman E 264 


PrietioniBrakin guene ea e ee aeaa Eae EE eae eea a 264 
MOE] 2 ne creo node Se aeneae ooann eee eee ee 265 
ElectriciBra kim parte a e E EE EEEE EEEE E E 269 
DynamiciBtakingk a a EEEE CEKEN EEEa senan nese 272 
Brakmgicompatisont e A e e aE iaaa 274 
Supplemental Topic—Determining Brake Torque............. 274 
Supplemental Topic—AC Motor Dynamic Brake Sizing..... 276 
Application—Braking Solenoid Connections .................... 278 
SUMMA Veneeecetce eee eee eee rec cece E 278 
(ECESE yee erate eee eens ccc cwicinc vewitieseion se esisise es dimcieiesaieiene 278 
Bee ea oinisvsce vee deenadedess tessondnsade 279 
OBJECTIVES 


Explain how a friction brake is used to stop a motor. 

Describe the operation of a plugging brake system. 

Describe how a DC field is used in electric braking. 

Explain how dynamic braking works to create generator action as a motor 
is turned OFF. 

e Compare the different types of braking and understand the advantages 
and disadvantages of each type. 


Braking is used when a motor must be stopped more quickly than coasting 
allows. The four most common methods of braking a motor are friction 
braking, plugging, electric braking, and dynamic braking. Each method has 


advantages and disadvantages. 
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BRAKING 


A motor coasts to a stop when disconnected 
from the power supply. The time taken by the 
motor to come to rest depends on the inertia 
of the moving parts (motor and motor load) 
and friction. Braking is used when it is neces- 
sary to stop a motor more quickly than coast- 
ing allows. Hazard braking may be required 
to protect an operator even if braking is not 
part of the normal stopping method. 

Braking is accomplished by different 
methods. The braking method used depends 
on the application, available power, circuit 
requirements, cost, and desired results. Brak- 
ing applications vary greatly. For example, 
braking may be applied to a motor every 
time the motor is stopped, or it may be ap- 
plied to a motor only in an emergency. In the 
first application, the braking action requires 
a method that is reliable with repeated use. 
In the second application, the method of 
stopping the motor may give little or no 
consideration to the damage braking may 
do to the motor or motor load. 


FRICTION BRAKING 


Friction brakes normally consist of two fric- 
tion surfaces (shoes or pads) that come in 
contact with a wheel mounted on the motor 
shaft. Spring tension holds the shoes on the 
wheel and braking occurs as a result of the 
friction between the shoes and the wheel. 
See Figure 12-1. Friction brakes (magnetic 
or mechanical) are the oldest motor stopping 
method. Friction brakes are similar to the 
brakes on automobiles. 

The advantages of using friction brakes 
are a lower initial cost and simplified main- 
tenance. Friction brakes are less expensive to 
install than other braking methods because 
fewer expensive electrical components are 
required. Maintenance is simplified because 
it is easy to see whether the shoes are worn 
and if the brake is working. Friction brakes are 
available in both AC and DC designs to meet 
the requirements of almost any application. 
Friction brake applications include printing 
presses, cranes, overhead doors, hoisting 
equipment, and machine tool control. 


Friction Brakes 


Heidelberg Harris, Inc. 


Figure 12-1. Friction brakes normally consist 
of two friction surfaces that come in contact 
with a wheel mounted on the motor shaft. 


Solenoid Operation 


Friction brakes are normally controlled by 
a solenoid that activates the brake shoes. 
The solenoid is energized when the motor 
is running. This keeps the brake shoes from 
touching the drum mounted on the motor 
shaft. The solenoid is de-energized and the 
brake shoes are applied through spring ten- 
sion when the motor is turned OFF. 

Two methods are used to connect the 
solenoid into the circuit so that it activates 
the brake whenever the motor is turned 
ON and OFF. See Figure 12-2. The first 
circuit is used if the solenoid has a voltage 
rating equal to the motor voltage rating. 
The second circuit is used if the solenoid 
has a voltage rating equal to the voltage 
between Li and the neutral. The solenoid 
should always be connected directly into 
the motor circuit, not into the control cir- 
cuit. This eliminates improper activation 
of the brake. 


f Tech Fact pen 


Solenoids are characterized by their coil in- 
rush current and by their sealed current. 
Manufacturers provide selection tables to help 
choose the correct solenoid for any application. 


Solenoid Operation 


DRUM MOUNTED 
ON MOTOR SHAFT 


BRAKE 
SOLENOID 


CIRCUIT USED WHEN 
SOLENOID IS RATED 
AT SAME VOLTAGE 


AS MOTOR 
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SOLENOID USED TO OPEN BRAKE 
WHEN SOLENOID IS ENERGIZED 


SPRING USED TO CLOSE 
BRAKE WHEN SOLENOID 
IS DE-ENERGIZED 


DIFFERENT VOLTAGE 
THAN MOTOR 


CIRCUIT USED WHEN 
SOLENOID IS RATED 
AT VOLTAGE LESS 
THAN VOLTAGE OF 
MOTOR 


Figure 12-2. The solenoid should always be connected directly into the motor circuit, not into the 
control circuit. Another power source may be needed if the solenoid is not rated for line voltage. 


Brake Shoes 


In friction braking, the braking action is 
applied to a wheel mounted on the shaft of 
the motor rather than directly to the shaft. 
The wheel provides a much larger braking 
surface than could be obtained from the 
shaft alone. This permits the use of large 
brake shoe linings and low shoe pressure. 
Low shoe pressure, equally distributed over 
a large area, results in even wear and brak- 
ing torque. The braking torque developed 
is directly proportional to the surface area 
and spring pressure. The spring pressure is 
adjustable on nearly all friction brakes. 


Limitation of Friction Braking 

The disadvantage of friction brakes is that 
they require more maintenance than other 
braking methods. Maintenance consists 
of replacing the shoes. Shoe replacement 


depends on the number of times the motor 
is stopped. A motor that is stopped often 
needs more maintenance than a motor that 
is almost never stopped. 


PLUGGING 


Plugging is a method of motor braking in 
which the motor connections are reversed 
so that the motor develops a countertorque 
that acts as a braking force. The counter- 
torque is accomplished by reversing the 
motor at full speed with the reversed motor 
torque opposing the forward inertia torque 
of the motor and its mechanical load. 
Plugging a motor allows for very rapid 
stopping. Although manual and electro- 
mechanical controls can be used to reverse 
the direction of a motor, a plugging switch 
is normally used in plugging applications. 
See Figure 12-3. 


_ Definition 


Plugging is a method of 
motor braking in which 
the motor connections 
are reversed so that the 
motor develops a coun- 
tertorque that acts as a 
braking force. 
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| ‘Plugging 


a a 


Rockwell Automation, 
Allen-Bradley Company, Inc. 


Figure 12-3. A plugging switch is normally 
used in plugging applications. 


A plugging switch is connected mechani- 
cally to the shaft of the motor or driven ma- 
chinery. The rotating motion of the motor is 
transmitted to the plugging switch contacts 
either by a centrifugal mechanism or by a 
magnetic induction arrangement. The contacts 
on the plugging switch are NO, NC, or both, 
and actuate at a given speed. The primary 
function of a plugging switch is to prevent 
the reversal of the load once the countertorque 
action of plugging has brought the load to a 
standstill. The motor and load would start to 
run in the opposite direction without stopping 
if the plugging switch were not present. 


Plugging Switch Operation 


Plugging switches are designed to open and 
close sets of contacts as the shaft speed on the 
switch varies. As the shaft speed incrcases, 
the contacts are set to change at a given revo- 
lution per minute (rpm). As the shaft speed 
decreases, the contacts return to their normal 
condition. As the shaft speed increases, the 
contact setpoint (point at which the contacts 
operate) reaches a higher revolution per 
minute than the point at which the contacts 
reset (return to their normal position) on 
decreasing speed. The difference in these 
contact operating values is the differential 
speed or revolutions per minute. 


In plugging, the continuous running 
speed must be many times the speed at 
which the contacts are required to operate. 
This provides a high contact holding force 
and reduces possible contact chatter or false 
operation of the switch. 


Continuous Plugging 


A plugging switch may be used to plug 
a motor to a stop each time the motor is 
stopped. See Figure 12-4. In this circuit, 
the NO contacts of the plugging switch are 
connected to the reversing starter through 
an interlock contact. Pushing the start 
pushbutton energizes the forward starter, 
starting the motor in forward and adding 
memory to the control circuit. As the motor 
accelerates, the NO plugging contacts close. 

The closing of the NO plugging contacts 
does not energize the reversing starter because 
of the interlocks. Pushing the stop pushbutton 
drops out the forward starter and interlocks. 
This allows the reverse starter to immediately 
energize through the plugging switch and the 
NC forward interlock. The motor is reversed 
and the motor brakes to a stop. After the mo- 
tor is stopped, the plugging switch opens to 
disconnect the reversing starter before the 
motor is actually reversed. 


Plugging for Emergency Stops 


A plugging switch may be used in a circuit 
where plugging is required only in an emer- 
gency. See Figure 12-5. In this circuit, the 
motor is started in the forward direction by 
pushing the run pushbutton. This starts the 
motor and adds memory to the control circuit. 
As the motor accelerates, the NO plugging 
contacts close. Pushing the stop pushbutton 
de-energizes the forward starter but does not 
energize the reverse starter. This is because 
there is no path for the L1 power to reach the 
reverse starter, so the motor coasts to a stop. 


| Fort 


Plugging is accomplished by reversing the 
motor connections at full speed. This stops 
the motor very quickly. 


Continuous Plugging 


START 
PUSHBUTTON 


ZAA 


STOP 
PUSHBUTTON 
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Figure 12-4. A plugging switch may be used to plug a motor to a stop each time the motor 


is stopped. 


STOP RUN 
PUSHBUTTON PUSHBUTTON 


Figure 12-5. A plugging switch may be used in a circuit where plugging is required only in an emergency. 


Pushing the emergency stop pushbutton 
de-energizes the forward starter and 
simultaneously energizes the reversing 
starter. Energizing the reversing starter adds 
memory in the control circuit and plugs the 
motor to a stop. When the motor is stopped, 
the plugging switch opens to disconnect 
the reversing starter before the motor is 
actually reversed. The de-energizing of the 
reversing starter also removes the memory 
from the circuit. 


Plugging Using Timing Relays 

Plugging can also be accomplished by us- 
ing a timing relay. The advantage of using a 
timing relay is normally a lower cost since a 
timer is inexpensive and does not have to be 
connected mechanically to the motor shaft 
or driven machine. The disadvantage is that, 


unlike a plugging switch, the timer does not 
compensate for a change in the load condi- 
tion once the timer is preset, which affects 
stopping time. 

An OFF-delay timer may be used in 
applications where the time needed to decel- 
erate the motor is constant and known. See 
Figure 12-6. In this circuit, the NO contacts 
of the timer are connected into the circuit in 
the same manner as a plugging switch. The 
coil of the timer is connected in parallel with 
the forward starter. 

The motor is started and memory is added 
to the circuit when the start pushbutton is 
pressed. In addition to energizing the forward 
starter, the OFF-delay timer is also energized. 
The energizing of the OFF-delay timer im- 
mediately closes the NO timer contacts. The 
closing of these contacts does not energize the 
reverse contacts because of the interlocks. 
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PUSHBUTTON 


The forward starter and timer coil are 
de-energized when the stop pushbutton is 
pressed. The NO timing contact remains 
held closed for the setting of the timer. 
The holding closed of the timing contact 
energizes the reversing starter for the 
period of time set on the timer. This plugs 
the motor to a stop. The timer’s contact 
must reopen before the motor is actually 
reversed. The motor reverses direction if 
the time setting is too long. 

An OFF-delay timer may also be used 
for plugging a motor to a stop during 
emergency stops. See Figure 12-7. In 
this circuit, the timer’s contacts are con- 
nected in the same manner as the plug- 
ging switch. The motor is started and 


Plugging Using Timing Relays 


START 
PUSHBUTTON 


2S 


STOP 
PUSHBUTTON 


memory is added to the circuit when the 
start pushbutton is pressed. The forward 
starter and timer are de-energized if the 
stop pushbutton is pressed. Although 
the timer’s NO contacts are held closed 
for the time period set on the timer, the 
reversing starter is not energized. This is 
because no power is applied to the revers- 
ing starter from L1. 

If the emergency stop pushbutton is 
pressed, the forward starter and timer are 
de-energized and the reversing starter is 
energized. The energizing of the revers- 
ing starter adds memory to the circuit and 
stops the motor. The opening of the timing 
contacts de-energizes the reversing starter 
and removes the memory. 


Figure 12-6. An OFF-delay timer may be used in applications where the time needed to de- 


celerate the motor is constant and known. 


START EMERGENCY 
STOP 


— 
OFF DELAY He 


Figure 12-7. An OFF-delay timer may also be used for plugging a motor to a stop during emergency stops. 


Limitations of Plugging 


Plugging may not be applied to all motors 
and/or applications. Braking a motor to a 
stop using plugging requires that the mo- 
tor can be reversed at full speed. Even if 
the motor can be reversed at full speed, the 
damage that plugging can do may outweigh 
its advantages. 


Reversing. A motor cannot be used 
for plugging if it cannot be reversed at 
full speed. For example, a single-phase 
shaded-pole motor cannot be reversed at 
any speed. Thus, a single-phase shaded- 
pole motor cannot be used in a plugging 
circuit. Likewise, most single-phase split- 
phase and capacitor-start motors cannot be 
plugged because their centrifugal switches 
remove the starting windings when the 
motor accelerates. Without the starting 
winding in the circuit, the motor cannot 
be reversed. 


Heat. All 3-phase motors and most single- 
phase and DC motors can be used for plug- 
ging. However, high current and heat result 
from plugging a motor to a stop. A motor 
is connected in reverse at full speed when 
plugging a motor. The current may be three 
or more times higher during plugging than 
during normal starting. For this reason, a 
motor designated for plugging or a motor 
with a high service factor should be used 
in all cases except emergency stops. The 
service factor (SF) should be 1.35 or more 
for plugging applications. 


ELECTRIC BRAKING 


Electric braking, or DC injection braking, 
is a method of braking in which a DC volt- 
age is applied to the stator windings of a 
motor after the AC voltage is removed. See 
Figure 12-8. Electric braking is an efficient 
and effective method of braking most AC 
motors. Electric braking provides a quick 
and smooth braking action on all types of 
loads including high-speed and high-inertia 
loads. Maintenance is minimal because 
there are no parts that come in physical 
contact during braking. 
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TO DC POWER TO 1@ POWER 
SOURCE SOURCE 


ea 


SHADED-POLE MOTOR 


TO DC POWER TO 16 POWER TO DC POWER TO 3ọ POWER 
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STARTING 
WINDING 


RUNNING 
WINDING 


CENTRIFUGAL 
SWITCH 


SPLIT-PHASE MOTOR 3-PHASE MOTOR 


Figure 12-8. Electric braking applies a DC voltage to the stator windings 
of a motor. 
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Electric braking, or 
DC injection braking, 
is a method of braking 
in which a DC voltage 
is applied to the stator 
windings of a motor 
after the AC voltage is 
removed. 


Electric Braking Operation 


The principle that unlike magnetic poles 
attract each other and like magnetic poles 
repel each other explains why a motor shaft 
rotates. The method in which the magnetic 
fields are created changes from one type of 
motor to another. In AC induction motors, the $ 
opposing magnetic fields are induced from 
the stator windings into the rotor windings 
by transformer action. The motor continues 
to rotate as long as the AC voltage is ap- 
plied. The motor coasts to a standstill when 
the AC voltage is removed because there is 
no induced field to keep it rotating. Electric 
braking can be used to provide an immedi- 
ate stop if the coasting time is unacceptable, 
particularly in an emergency situation. 

Electric braking is accomplished by apply- 
ing a DC voltage to the stationary windings 
once the AC is removed. The DC voltage cre- 
ates a constant magnetic field in the stator that 
does not change polarity. The rotor moving 
through the constant magnetic field in the sta- 
tor induces current and a magnetic field in the 
rotor. Because the magnetic field of the stator 
does not change in polarity, it attempts to stop 
the rotor when the magnetic fields are aligned 
(N toS and S to N). See Figure 12-9. The only 
force that can keep the rotor from stopping with 
the first alignmentis the rotational inertia of the 
load connected to the motor shaft. However, 
because the braking action of the statoris pres- 
ent at all times, the motor brakes quickly and 
smoothly to a standstill. 
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Figure 12-9. Electric braking uses the attrac- 
tion between unlike poles to brake a motor. 


DC Electric Braking Circuits 


DC is applied after the AC is removed 
to bring the motor to a stop quickly. See 
Figure 12-10. This circuit, like most DC 
braking circuits, uses a bridge rectifier cir- 
cuit to change the AC into DC. In this circuit, 
a 3-phase AC motor is connected to 3-phase 
power by a magnetic motor starter. 

The magnetic motor starter is con- 
trolled by a standard stop/start pushbutton 
station with memory. An OFF-delay timer 
is connected in parallel with the magnetic 
motor starter. The OFF-delay timer con- 
trols a NO contact that is used to apply 
power to the braking contactor for a short 
period of time after the stop pushbutton 
is pressed. The timing contact is adjusted 
to remain closed until the motor comes 
to a stop. 

The braking contactor connects two 
motor leads to the DC supply. A trans- 
former with tapped windings is used to ad- 
just the amount of braking torque applied 
to the motor. Current-limiting resistors 
could be used for the same purpose. This 
allows for a low- or high-braking action, 
depending on the application. The larger 
the applied DC voltage, the greater the 
braking force. 

The interlock system in the control 
circuit prevents the motor starter and brak- 
ing contactor from being energized at the 
same time. This is required because the 
AC and DC power supplies must never be 
connected to the motor simultaneously. 
Total interlocking should always be used 
on electrical braking circuits. Total inter- 
locking is the use of mechanical, electrical, 
and pushbutton interlocking. A standard 
forward and reversing motor starter can 
be used in this circuit, as it can with most 
electric braking circuits. 
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Electric braking is accomplished by apply- 
ing a DC voltage to the stationary windings 
once the AC is removed. The DC voltage 
creates a constant-polarity magnetic field in 
the stator that quickly stops the rotor. 
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Figure 12-10. A bridge rectifier is used to rectify AC power to generate the DC required for 


electric braking. 


Limitations of Electric Braking 


Electric braking is relatively expensive 
because of the electronic components re- 
quired to switch the DC field. Braking a 
motor one time with electric braking puts 
about the same amount of heat into the 
rotor as starting the motor at full voltage. 
Therefore, the time at which electric brak- 
ing can be applied may be limited to prevent 
overheating of the rotor. Motion sensors can 
be used to determine when the motor has 
been stopped. At that point, the DC field is 


turned off to stop further heat input. The 
motor must be sized appropriately to ac- 
count for this heating if the motor is to be 
braked regularly. 

Electric braking requires a power source 
at all times. If the power source fails, the 
electric brake cannot stop the motor. In ad- 
dition, electric braking cannot be used as 
a holding brake. For critical applications, 
some other type of external brake must be 
used to reduce the risk of personal injury 
or property damage. 
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Dynamic braking is a 
method of motor braking 
where the braking en- 
ergy is dissipated as heat 
in a resistor as a motor 
is reconnected to act as 
a generator immediately 
after it is turned OFF. 


Regenerative braking 
is a method of dynamic 
braking that reuses the 
braking energy to the 
AC source instead of 
dissipating the energy 
as heat. 


DYNAMIC BRAKING 


Dynamic braking is a method of motor 
braking where the braking energy is dis- 
sipated as heat in a resistor as a motor is 
reconnected to act as a generator immedi- 
ately after it is turned OFF. Connecting thes 
motor in this way makes the motor act as a 
loaded generator that develops a retarding 
torque, rapidly stopping the motor. The 
generator action converts the mechanical 
energy of rotation to electrical energy that 
can be dissipated as heat in a resistor. 

Regenerative braking is a method of dy- 
namic braking that reuses the braking energy 
to the AC source instead of dissipating the en- 
ergy as heat. There are two common methods 
of reusing braking energy. The first method is 
to return the power to the utility bus, while the 
second method is to provide power to parallel 
motors on the same plant bus. 

The need to stop a motor arises often in a 
situation where a mechanical brake is not a 
feasible solution. Although a dynamic brake 
cannot hold a load in position, it can bring the 
load to a stop in a very short time. A dynamic 
brake uses unlike magnetic poles that attract 
each other to provide stopping power to the 
rotating component. The unlike pole in the 
rotating component is produced as the result 
of generator action in the motor. The genera- 
tor action can be used to stop the armature in 
a DC motor or the rotor in an AC motor. 


DC Motor Dynamic Braking 
Dynamic braking is easily applied to DC 
motors because there must be access to the 
rotor windings to reconnect the motor to act 
as a generator. This generator action ina DC 
motor is the countervoltage that provides the 
opposition to current in the armature. Access 
is accomplished through the brushes on DC 
motors. See Figure 12-11. Dynamic braking 
of a DC motor may be needed because DC 
motors are often used for lifting and moving 
heavy loads that may be difficult to stop. 
When the source is removed from the 
armature and it continues to spin, the 
energized fields provide a stationary field 
through which the armature cuts as it coasts 


to a stop. As long as no path for current is 
provided, no stopping or decelerating action 
opposes the rotation. If a path is provided, 
current flows through the path. The fields 
that surround the armature conductors cre- 
ate an unlike pole and the two fields interact, 
stopping the motor. 

In this circuit, the armature terminals of 
the DC motor are disconnected from the 
power supply and immediately connected 
across a resistor that acts as a load. The 
smaller the resistance of the resistor, the 
greater the rate of energy dissipation and 
the faster the motor comes to rest. The field 
windings of the DC motor are left connected 
to the power supply. The armature generates 
acountervoltage that causes current to flow 
through the resistor and armature. 

The current causes heat to be dissipated 
in the resistor in the form of electrical watts. 
This removes energy from the system and 
slows the motor rotation. The generated 
countervoltage decreases as the speed of 
the motor decreases. As the motor speed ap- 
proaches 0 rpm, the generated voltage also 
approaches 0 V. The braking action lessens as 
the speed of the motor decreases. As a result, 
a motor cannot be braked to a complete stop 
using dynamic braking. Dynamic braking 
also cannot hold a load once it is stopped 
because there is no braking action. 

The direction of the armature conductor 
as it spins through the stationary field pro- 
vides a current in the armature. The direc- 
tion of the current through the conductor 
surrounds that conductor with a field that 
is unlike the stationary one. These two un- 
like poles attract one another, bringing the 
rotating member to a stop. 

Electromechanical friction brakes are 
often used along with dynamic braking in 
applications that require the load to be held. 
A combination of dynamic braking and fric- 
tion braking can also be used in applications 
where a large, heavy load is to be stopped. 
In these applications, the force of the load 
wears the friction brake shoes excessively. 
Therefore, dynamic braking can be used 
to slow the load before the friction brakes 
are applied. 


Dynamic Braking 
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Figure 12-11. The generator action in a DC motor is the countervoltage that provides the op- 
position to current in the armature. The energy is dissipated in the shunt resistor. 


AC Motor Dynamic Braking 
Dynamic braking can be used in an AC mo- 
tor if a stationary field surrounds the stator 
conductors. A stationary field can be created 
when a DC source is connected to the stator. 
With the stator providing a stationary field, 
the rotor conductors cut through this field and 
induce an unlike pole in the rotor. The two un- 
like poles attract each other, and the dynamic 
action stops the rotating component. 

The DC power can be supplied by a small 
transformer, such as a control transformer, 
through a bridge rectifier. For a 3-phase mo- 
tor, the DC source is connected across two 
arms of a wye-connected stator or across one 
arm of a delta-connected stator. For a single- 
phase motor, a dynamic brake needs to be 
connected to the run winding. The time that 
the DC current flows in the winding should 
be controlled by a time delay relay because 
the winding can overheat if left ON. 


Electric Motor Drive Dynamic 
Braking 

A motor drive can control the time it takes 
for a motor to stop. The stopping time is 
programmed by setting the deceleration 


parameter. The deceleration parameter can 
be set between | sec (or less) to several 
minutes. However, for fast stops (especially 
with high-inertia loads), a braking resistor 
is added. See Figure 12-12. 

The braking resistor also helps control 
motor torque during repeated ON/OFF 
motor cycling. The size (wattage rating) 
and resistance (in ohms) of the braking 
resistor are typically selected using the 
drive manufacturer braking resistor chart. 
The resistor wattage must be high enough to 
dissipate the heat delivered at the resistor. The 
resistor resistance value must be low enough 
to allow current flow at a high enough level 
to convert the current to heat but not so low 
as to cause excessive current flow. The brak- 
ing resistor(s) can be housed in an enclosure 
such as a NEMA 1 enclosure. 


Limitations of Dynamic Braking 

Dynamic braking uses power resistors to 
dissipate the heat of braking. Depending 
on the design of the resistor bank, dynamic 
braking may put limits on the number of 
allowed stops per hour. Dynamic braking is 
relatively expensive because of the electronic 


274- MOTORS 


components required to reconnect the mo- 
tor as a generator. The braking action is the 
strongest as the leads are reversed, and the 
breaking action decreases as the motor slows 
because the generator action decreases as the 
motor slows. Therefore, dynamic braking 
cannot brake a motor to acomplete stop and 
cannot be used as a holding brake. 
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Figure 12-12. The stopping time of a motor drive can be programmed into 
the drive. Braking resistors are added for fast stops. 


BRAKING COMPARISON 


The four most common methods of braking 
a motor are friction braking, plugging, elec- 
tric braking, and dynamic braking. Friction 
braking has the advantage of being relatively 
inexpensive with simple maintenance. Few 
expensive electrical components are needed. 
Friction braking has the disadvantage of re- 
quiring frequent maintenance to inspect and 
replace the brake shoes. Frequent stopping 
increases wear on the shoes and increases the 
amount of heat generated in the brake. 

Plugging is more expensive than friction 
braking but less expensive than other braking 
methods. It allows for rapid stopping and can 
be used as an emergency stop. Plugging can 
only be used with motors that can be reversed 
at full speed. Plugging draws high current 
and generates considerable heat, so a motor 
with a high service factor should be used. 

Electric braking provides a quick and 
smooth braking action on all types of loads. 
Maintenance is minimal because there are 
no parts that wear from physical contact. 
However, electric braking is relatively 
expensive because of the electronic com- 
ponents required to switch the DC field. 
Electric braking requires a power source at 
all times. It cannot stop a motor in the event 
of a power failure, and it cannot be used as 
a holding brake. 

Dynamic braking provides a quick braking 
action and is often used to stop high-inertia 
loads. Dynamic braking is used most often 
with DC motors, but can be adapted for AC 
motors. Dynamic braking is relatively expen- 
sive because of the electronic components 
required to reconnect the motor as a generator. 
The braking action is strongest as the leads 
are reversed. Dynamic braking cannot brake 
a motor to a complete stop because the gen- 
erator action decreases as the motor slows. It 
cannot be used as a holding brake. 
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The four most common methods of braking 
a motor are friction braking, plugging, elec- 
tric braking, and dynamic braking. All of the 
methods have advantages and limitations 
that restrict their application. 
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Determining Brake Torque 


Full-load motor torque is calculated in 
order to determine the required braking 
| torque of a motor. To calculate full-load 
motor torque, apply the following formula: 


ex S252 
= 100,000 


jequawajddng 


ut 


T = full-load motor torque (in lb-ft) 50,000 


P = motor power (in HP) | 40,000 


ada 


v = rotor speed (in rpm) 

The full-load torque of a 60 HP, 240 V 
motor rotating at 1725 rpm is calculated 20,000 
as follows: 

T= PX5252 

V 
_ 60x 5252 
1725 
_ ISS 
1725 
T =183 lb-ft 


30,000 


The torque rating of the brake se- 
lected should be equal to or greater than 
the full-load motor torque. In this case, 
a brake must have a torque rating of at 
least 183 lb-ft. Manufacturers of electric 
brakes list the torque ratings (in pounds 
per foot) for their brakes. 


Braking torque may also be deter- 
mined using a horsepower-to-torque 
conversion chart. A line is drawn from 
the horsepower (HP) to the revolutions 
per minute (rpm) of the motor. The point 
at which the line crosses the torque val- 
ues is the full-load and braking torque of 
the motor. For example, a 50 HP motor 

| that rotates at 900 rpm requires a brak- 
ing torque of 300 lb-ft. 


20 as 


| HORSEPOWER TORQUE 
(in LB-FT) 
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AC Motor Dynamic Brake Sizing 


- With the dynamic braking of AC motors, 
DC power must be supplied to the stator 
windings to create the stationary field. The 
amount of power required depends on the 
amount of power being used to run the 
motor. The simplest method to determine 
the amount of DC power needed is to 
measure the winding resistance and then 
read the nameplate current. The voltage of 
the power supply can be calculated with 
Ohm's law. 


If a motor has a winding resistance of 
| 12.5 Q with a nameplate current of 4 A, 
` the power supply voltage required to 
drive that current is 50 V (12.5 x 4 = 50). 
A power supply that delivers 4 A at 50 V 
must be sized at a minimum of 200 VA 


(50 x 4 = 200). This means that 200 VA 
of DC power must be supplied to the 
stator windings. 


If the power factor is 0.8, a 250 VA 
AC power supply would be needed. A 
250 VA power supply would need to be 
placed in the control cabinet. If the con- 
trol transformer is oversized by 250 VA, 
it can be used as the power source. 


The AC power supply becomes the 
source for the bridge rectifier. The bridge 
rectifier must be sized and installed. The 
power resistors must be sized to dissi- 
pate the power. The power capabilities 
of the rectifier can be obtained from the 
manufacturer's literature. 


BRIDGE 
RECTIFIER 


Application— Braking Solenoid 
Connections 


Solenoid brake coils have a voltage rating 
that must be followed. A typical solenoid 
brake coil is rated for 240 VAC and can be 
used in both the low- and high-voltage con- 
nections. In a one-wye, dual-voltage motor 
wired for 480 V operation, the windings are 
wired in series with the terminals shorted 
together from T4 to T7, T5 to T8, and T6 to 
T9. In a two-wye, dual-voltage motor wired 
for 240 V operation, the windings are wired 
in parallel with the terminals shorted together 
from T1 to T7, T2 to T8, and T3 to T9. 


In the motor wired for 480 V operation, the 
solenoid brake coil is wired from the short 
between two coils in each leg, such as from 
the T4-T7 junction to the T6-T9 junction, 
where the voltage drop is 240 V. In the motor 
wired for 240 V operation, the solenoid brake 
coil is wired from the line terminals, such as 
from the T1-T 7 junction to the T3-T9 junction, 
where the voltage drop is 240 V. 


In a one-delta, dual-voltage motor wired 
for 480 V operation, the windings are wired 
in series with the terminals shorted together 
from T4 to T7, T5 to T8, and T6 to T9. Ina 
two-delta, dual-voltage motor wired for 240 V 
operation, the windings are wired in parallel 
with the terminals shorted together fromT 1 to 
T7, T2 to T8, and T3 to T9. In each case, the 
solenoid brake coil is wired across any one 
winding, where the voltage drop is 240 V. 
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Braking is used when a motor must be stopped more quickly than coasting allows. 


Friction brakes normally consist of two friction surfaces (shoes or pads) that come in contact with a wheel 
mounted on the motor shaft. 


The advantages of using friction brakes are a lower initial cost and simplified maintenance. 

The disadvantage of friction brakes is that they require more maintenance than other braking methods. 
Friction brakes are normally controlled by a solenoid that activates the brake shoes. 

With plugging, the motor is reversed at full speed to develop a counter torque. 

A plugging switch may be used to plug a motor to a stop each time the motor is stopped. 

Braking a motor to a stop using plugging requires that the motor can be reversed at full speed. 


Electric braking is accomplished by applying a DC voltage to the stationary windings once the AC is removed. 


Electric braking provides a quick and smooth braking action on all types of loads including high-speed and 
high-inertia loads. 


Electric braking requires a power source at all times and cannot be used as a holding brake. 


With dynamic braking, the motor acts as a loaded generator that develops a retarding torque, rapidly stopping 
the motor. 


Dynamic braking of a DC motor may be needed because DC motors are often used for lifting and moving heavy 
loads that may be difficult to stop. 


Dynamic braking uses power resistors to dissipate the heat of braking. 


Plugging is a method of motor braking in which the motor connections are reversed so that the motor develops 
a countertorque that acts as a braking force. 


Electric braking, or DC injection braking, is a method of braking in which a DC voltage is applied to the stator 
windings of a motor after the AC voltage is removed. 


Dynamic braking is a method of motor braking where the braking energy is dissipated as heat in a resistor as a 
motor is reconnected to act as a generator immediately after it is turned OFF. 


Regenerative braking is a method of dynamic braking that reuses the braking energy to the AC source instead 
of dissipating the energy as heat. 
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1. Describe the differences in braking requirements between typical braking and hazard braking. 
2. Explain how friction braking operates to brake a motor. 

3. List the advantages and disadvantages of friction braking. 

4. Explain how plugging operates to brake a motor. 

5. List the advantages and disadvantages of plugging. 

6. Explain how electric braking operates to brake a motor. 

7. List the advantages and disadvantages of electric braking. 

8. Explain how dynamic braking operates to brake a motor. 


9, List the advantages and disadvantages of dynamic braking. 
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e Describe the operation of a two-speed consequent-pole motor. 


e Explain how moving the brushes on a Schrage motor changes the motor 


speed. 
e Describe the difference between compelling, accelerating, and 
decelerating circuit logic. 


different ways to change the umbe of poles and thus to change the motor 
speed. These multispeed motors are available in two or more fixed speeds, 


which are determined by the connections made to the motor. 


Some older multispeed AC motors use a commutator and slip rings, along 
with adjustable brushes, to vary the speed of the motor. These motors are 
rarely seen anymore. They have mostly been meres by AC adjustable- 
speed drives. 
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Definition 
A consequent-pole 
motor is a motor with 
stator windings that can 
be connected in two or 
more different ways so 
that the number of stator 
poles can be changed. 


MULTISPEED MOTOR TYPES 


In consequent-pole multispeed AC motors, 
the different speeds are determined by con- 
necting the external winding leads to a mul- 
tispeed starter. A magnetic motor starter is 
the most common means-used for AC motor 
speed control, although multispeed manual 
starters are available. 

Two-winding, consequent-pole motors 
have two separate windings in the same 
slots. Because the windings are separate 
and independent, they can be wound for any 
other pole combinations so that other speed 
ratios can be obtained. However, speed ra- 
tios greater than about 4:1 are rare because 
of cost, size, and weight concerns. 

In Schrage AC motors, the rotor has a 
commutator, slip rings, and adjustable brush- 
es. The relative position of the brushes is 
changed to change the speed of the motor. 


Consequent-Pole Motors 


AC motors can be designed to operate at 
multiple speeds. A consequent-pole motor is 
a motor with stator windings that can be con- 
nected in two or more different ways so that 
the number of stator poles can be changed. 
Since the speed of an induction motor depends 
on the number of poles in the stator, most con- 
sequent-pole motors have two speeds, one of 
which is half the other. Less commonly, two 
stator windings can be connected in more than 
two ways to give more than two speeds. 

A motor can run at only one speed at a 
time. One starter is required for each speed 
of the motor. Each starter must be inter- 
locked using mechanical, auxiliary contact, 
or pushbutton interlocking to prevent more 
than one starter from being ON at the same 
time. For two-speed motors, a standard for- 
ward/reverse starter is often used because it 
provides mechanical interlocking. 


Consequent-Pole Motor Operation. 
Consequent-pole motors have an adjust- 
able speed because the leads for the stator 
windings are brought out of the motor and 
connected in different ways to create different 
numbers of poles. The current can be made to 
travel through windings connected in series 


or parallel with each other. See Figure 13-1. 
A series connection of two windings has one 
pole. The current flows through both coils 
in the same direction, so both coils have the 
same pole. The poles merge since they are 
adjacent. The same windings connected in 
parallel have two poles. The current flows 
through the coils in opposite directions, so 
the coils have opposite poles. The poles are 
separate since they are opposite. For example, 
a motor with four poles when wired in series 
has eight poles when wired in parallel. 

Starter contactors typically have several 
contacts that can be used to switch the sta- 
tor windings from series to parallel opera- 
tion. Typical synchronous speeds for 60 Hz 
consequent-pole motors are 3600 rpm and 
1800 rpm with 2 and 4 poles; 1800 rpm and 
900 rpm with 4 and 8 poles; and 1200 rpm 
and 600 rpm with 6 and 12 poles. 
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Figure 13-1. The current can be made to 
travel through windings connected in series 
or in parallel with other. 


Consequent-Pole Motor Construction. 
Since each motor winding is divided into 
two equal parts, consequent-pole motors 
have one stator winding that may be con- 
nected in two ways to provide two speeds, 
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one of which is half the speed of the other. 
A 3-phase motor can be wired so that six 
leads are brought out for connection. See 
Figure 13-2. The nameplate gives the re- 
quired connections for the two speeds. 
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Figure 13-2. A 3-phase motor can be wired so that six leads are brought out for connection. 


284 MOTORS 


Definition 


A Schrage motor is a 
3-phase AC motor with 
a rotor fed by a com- 
mutator and a set of 
brushes connected to an 
external circuit. 


Some consequent-pole motors have two 
separate stator windings. For a three-speed, 
consequent-pole motor, one winding is 
fixed with a specified number of poles. 
The other winding can be reconnected like 
the winding in a standard consequent-pole 
motor to create a varying number of poles. 
Three more leads are brought out, labeled 
T11, T12, and T13. There are many differ- 
ent wiring arrangements to give constant 
horsepower, constant torque, and variable 
torque. See Appendix. 

For a four-speed, consequent-pole motor, 
both’ windings can be reconnected like the 
winding in a standard consequent-pole mo- 
tor to create a varying number of poles. Four 
more leads are brought out, labeled T14, T15, 
T16, and T17. There are many different wiring 
arrangements to give constant horsepower, 
constant torque, and variable torque. 


Schrage Motors 


A Schrage motor is a 3-phase AC motor 
with a rotor fed by a commutator and a set 
of brushes connected to an external circuit. 
A Schrage motor is also known as both an 
ACA motor and as a shunt-commutator 
motor. Line voltage is applied to the rotor 
windings through the slip rings. Therefore, 
the rotor winding is the primary and always 
has current at line frequency. The stator 
winding is the secondary and the current 
frequency depends on the amount of slip. 
Schrage motors are seldom used anymore. 
They have been mostly replaced by adjust- 
able-speed motor drives. 


Schrage Motor Construction. Schrage 
motor construction is unique in that the 
rotor has slip rings and a commutator. See 
Figure 13-3. The rotor has two windings. 
The primary winding is located in the ro- 
tor and is excited through the slip rings. A 
control winding is placed in the same rotor 
slots as the primary windings. The control 
winding is also known as a tertiary wind- 
ing, an auxiliary winding, and an armature 
winding. The secondary winding is in the 
stator and is excited through brushes on 
the commutator. 


The coils in the control winding are 
connected in series. The number of control 
coils matches the number of commutator 
segments because each end of the control 
coil is connected to adjacent commutator 
segments. The rotor windings are wound 
in a wye, with the three leads connected to 
the slip rings. The brushes on the slip rings 
are connected to the 3-phase source. 

In Figure 13-3, the commutator brushes 
are shown in two colors. The black brushes 
are all mounted in one brush rigging. The 
white brushes are all mounted in another 
brush rigging. The two brush riggings can 
be moved relative to each other so that each 
dark brush can be rotated relative to the cor- 
responding white brush. In other words, the 
two brushes of each secondary stator wind- 
ing can be moved relative to each other. 


Schrage Motor Operation. A Schrage mo- 
tor contains adjustable brush riggings that are 
rotated relative to one another by a handwheel 
or by a small 3-phase motor with a reversing 
contactor. The advantage of the motorized 
control is that the speed can be adjusted from 
many different locations by placing the but- 
tons in strategic locations around the motor. 

When the circuit is energized, the rotor 
is fed by the source through the slip rings 
and a voltage is induced in the control wind- 
ing. The speed is controlled by changing 
the position of the brush at one end of the 
primary stator winding relative to the brush 
at the other end of the winding. As the brush 
riggings are rotated, the brushes move to 
different commutator segments. 

The coils in the auxiliary winding have 
an induced voltage that is connected in se- 
ries. There is a neutral point with the brush 
riggings where the motor operates like a 
standard induction motor. This neutral point 
is where both brushes of each secondary 
stator winding are on the same commutator 
segment. As the brushes are moved relative 
to one another, the brushes are placed on dif- 
ferent commutator segments and the number 
of coils connected in series across the stator 
changes. Since voltage in series is additive, 
changing the number of coils changes the 
voltage across the primary stator windings. 
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Figure 13-3. A Schrage motor has a rotor with slip rings and a commutator. 


The voltage may be increased or decreased, 
depending on the direction of rotation of the 
brushes relative to one another. As the brushes 
are rotated in one direction from neutral, the 
polarity of the coils in the control winding 
shorted across the primary changes in one di- 
rection and the induced voltage in the control 
winding subtracts from the secondary wind- 
ing. This causes reduced current and torque 
and the motor slows down. As the brushes 
are rotated in the other direction, the polarity 
of the coils in the control winding changes in 
the other direction, and the induced voltage 
in the control winding adds to the secondary 
winding. This causes increased current and 
torque, and the motor speeds up. 


CONSEQUENT-POLE MOTOR 
CIRCUITS 


When a motor runs at different speeds, the 
motor’s torque or horsepower characteristics 


change with a change in speed. The mo- 
tor chosen depends on the application 
in which the motor is used. Once this 
selection is made, the motor is connected 
into the circuit. Common motor connec- 
tion arrangements conforming to NEMA 
standards are used when wiring motors in 
a circuit. See Appendix. 


Control Circuit Logic 


Several starting control circuits can be 
developed to contro] a multispeed motor, 
depending on the requirements of the cir- 
cuit. In a simple two-speed motor control 
circuit, the motor can be started in the low 
or high speed. See Figure 13-4. In this cir- 
cuit, the operator may start the motor from 
rest at either speed. In any control circuit, 
the pushbuttons may be replaced with any 
control device such as a pressure switch, 
photoelectric switch, etc. without changing 
the circuit logic. 
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Control Circuit 


ALL OLs 


LINE DIAGRAM 


WIRING DIAGRAM 


NOTE: The stop button must be pressed before changing speed. 


Figure 13-4. The control circuit for a two-speed consequent-pole motor can 
be wired so that the motor must be stopped before changing speed. 


Definition 


Compelling circuit 
logic is a control func- 
tion that requires the 
operator to start and 
operate a motor ina 
predetermined order. 


In this simple control circuit, pressing 
the low-speed pushbutton energizes the 
low-speed starter coil and starts the motor 
in low speed. The NC interlock contact from 
the low-speed starter prevents the high- 
speed starter coil from being energized. 
The motor can also be started by pressing 
the high-speed pushbutton. This energizes 
the high-speed starter coil and starts the 
motor in high speed. In this case, the NC 
contact from the high-speed starter prevents 
the low-speed starter coil from being ener- 
gized. No matter how the motor is started, 
the stop pushbutton must be pressed before 
changing from low to high speed or from 
high to low speed. 

In a modified control circuit, the motor 
can be changed from low speed to high 
speed without first stopping the motor. See 
Figure 13-5. In this circuit, the operator can 


start the motor from rest at either speed or 
change from low speed to high speed with- 
out pressing the stop pushbutton. 

The stop pushbutton must be pressed 
before it is possible to change from high to 
low speed. This high-to-low arrangement 
prevents excessive line current and shock 
to the motor. In addition, the machinery 
driven by the motor is protected from shock 
that could result from connecting a motor 
at high speed to low speed. 

In this modified control circuit, press- 
ing the low-speed pushbutton energizes 
the low-speed starter coil and starts the 
motor in low speed. The NC interlock 
contacts open on the low starter, prevent- 
ing the motor from being placed in high 
speed. The motor may be placed directly 
into high speed when it is running in low 
speed. Pressing the high-speed pushbutton 
de-energizes the low-speed circuit and 
energizes the high-speed circuit. However, 
the eircuit is designed so that the motor 
cannot be directly switched to low speed 
when it is running in high speed. The stop 
pushbutton must first be pressed before 
the low starter coil can be energized when 
the motor is running in high speed. This 
prevents damage to the equipment the 
motor is driving. 


Compelling Circuit Logic. In many 
speed control applications, a motor must 
always be started at low specd before it 
can be changed to high speed. Compel- 
ling circuit logic is a control function that 
requires the operator to start and operate 
a motor in a predetermined order. See 
Figure 13-6. 

This circuit does not allow the operator 
to start the motor at high speed. The circuit 
compels the operator to first start the mo- 
tor at low speed before changing to high 
speed, This arrangement prevents the motor 
and driven machinery from starting at high 
speed. The motor and driven machinery are 
allowed to accelerate to low speed before 
accelerating to high speed. The circuit 
also compels the operator to press the stop 
pushbutton before changing speed from 
high to low. 


Modified Two-Speed Motor Cc 


Chapter 13—Multispeed Motors 287 


NOTE: The speed can be changed from low to high without stopping the motor. 


Figure 13-5. The control circuit for a two-speed consequent-pole motor can be wired so that 
the motor can be changed from low speed to high speed without first stopping the motor. 


Compelling Circuit Logic 


| Definition 


Accelerating circuit 
logic is a control function 
that permits the operator 
to select a motor speed 
so that the control circuit 
automatically accelerates 
the motor to that speed. 


Decelerating circuit 
logic is a control func- 
tion that permits the 
operator to select a low 
motor speed so that the 
control circuit auto- 
matically decelerates the 
motor to that speed. 


ALL OLs 


Figure 13-6. Compelling circuit logic requires the operator to start and operate a motor in a predetermined order. 


Accelerating Circuit Logic. In many ap- 
plications, a motor must be automatically 
accelerated from Iow to high speed even if the 
high pushbutton is pressed first. Accelerating 
circuit logic is a control function that permits 
the operator to select a motor speed so that the 
control circuit automatically accelerates the 
motor to that speed. See Figure 13-7. 

A circuit with accelerating circuit logic 
allows the operator to select the desired 
speed by pressing either the low or high 
pushbutton. If the operator presses the low 
pushbutton, the motor starts and runs at 
low speed. If the operator presses the high 
pushbutton, the motor starts at low speed 
and runs at high speed only after the prede- 
termined time set on the timer in the control 


circuit. This arrangement gives the motor 
and driven machinery a definite time period 
to accelerate from low to high speed. The 
circuit also requires that the operator press 
the stop pushbutton before changing speed 
from high to low. 


Decelerating Circuit Logic. In some ap- 
plications, a motor or load cannot take the 
stress of changing from a high to a low speed 
without damage. In these applications, the 
motor must be allowed to decelerate by 
coasting or braking before being changed to 
a low speed. Decelerating circuit logic is a 
control function that permits the operator to 
select a low motor speed so that the control 
circuit automatically decelerates the motor 
to that speed. See Figure 13-8. 
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This circuit allows the operator to select If the operator changes from high to low 
the desired speed by pressing either the low speed, the motor changes to low speed only 
or high pushbutton. If the low pushbutton after a predetermined time. This gives the 
is pressed, the motor starts andruns atlow motor and driven machinery a period of 
speed. If the high pushbutton is pressed, time to decelerate from a high speed to a 
the motor starts and runs at high speed. low speed. 


‘Accelerating Circuit Logic — — 


(2, 2, 4, 6) 


(1) 


Figure 13-7. Accelerating circuit logic permits the operator to select a motor speed so that the control circuit automatically 
accelerates the motor to that speed. 


Figure 13-8. Decelerating circuit logic permits the operator to select a motor speed so that the control circuit automatically 
decelerates the motor to that speed. 
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Schrage Motor Control Voltages 


In a Schrage motor, the commutator and the force of repulsion between like stator 

brushes act as a rotating slide-wire voltage and rotor poles also increases, speeding 

divider for tapping portions of the induced the rotor. As the stator voltage and fre- 

voltage in the adjusting winding. Each set quency decrease, the force of repulsion 

of brushes is connected tothe ends ofeach between like stator and rotor poles also 

secondary stator winding. These brushes decreases, slowing the rotor. 

apply the control voltage from the commu- p= ; TE s 

tator to the stator. The commutator also acts 

as a frequency-matching device, givingan | 100 V SEC. 100 V NET 

adjusting voltage of the same frequency as A PURSES OND ERY 
| the induced secondary voltage. 


Atthe neutral point, the brushes of both 
ends of a given phase of the secondary 
winding are on the same segment of the 
commutator. When the brushes share the 
same segment, they are shorted together, 
and no adjusting voltage is connected 
to the secondary. The motor runs at its 
synchronous speed and operates like a 
squirrel-cage. The stator voltage depends 
on the motor design parameters. 
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When the brushes are rotated and 

placed on different commutator segments, 100 V SEC. 150 V NET 
the control winding voltage changes the cle DEC ENDAR 
net secondary voltage. When the brushes 
are moved apart in one direction, the 
control-adjusting voltage is added in 
series with the stator winding. When the 
brushes are moved apart in the other 
direction, the control-adjusting voltage is 
subtracted from the stator winding. In this 
example, the motor is designed so that the 
maximum control voltage is 50 V. 
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The brushes can be moved from the 
synchronous position in many small in- 
crements, allowing for fine speed control. | 
The polarities of the windings determine | 100V SEC. 50V NET 
whether the voltage is added or subtract- -50 V ADJ. SECONDARY 
ed. A positive to negative polarity means ( 
that the voltages add and the net stator 
voltage is 150 V. A negative to negative 
polarity means that the voltages subtract 
and the net stator voltage is 50 V. 


The stator frequency is up to twice that 
of the source. Because the rotor is driven 
againstthe direction of the rotating field, the 
source frequency and the slip frequency 
add together. The stator sees the flux from 
the rotating field in the rotor and the flux of 
the rotor poles as they spin by rotation. As 
the stator voltage and frequency increase, 


PRIMARY 
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CONTROL WINDING 
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Application — Two-Speed 
Separate-Winding Motors 

The speed of an AC motor is determined 
by the frequency of the power supply or the 
number of individual poles of the motor. The 
individual poles are determined by how the 
motor windings are connected. The speed of 
a motor decreases as the number of poles 
increases, while the speed of a motor in- 
creases as the number of poles decreases. 
To change the speed of a motor, the motor 
must have separate windings. Each winding 
has a different number of individual poles. 
When power is applied to the different 
windings, the motor speed changes. In a 
two-speed motor circuit, the motor can be 
started in either high or low speed. 


Two-speed motors are wired the same 
basic way as any other motor. Basic steps 
are followed regardless of whether the motor 
is single-voltage, dual-voltage, reversible, 
two-speed, three-speed, etc. When wiring 
any motor, the nameplate of the motor 
gives written information and a wiring 
diagram. The written information states 
the motor’s required voltage and operating 
speed. The wiring diagram shows how the 
motor is wired for a low voltage and high 
voltage on dual-voltage motors. 


The wiring diagram also shows how 
the motor is wired for low speed and high 
speed on dual-speed motors. How the mo- 
tor is reversed is also listed as part of the 
information included with the wiring diagram 
(usually below the wiring diagram). 


With all power OFF, the motor wiring 
diagram is used to connect the motor to 
the motor side of the starter. Next, with 
all power OFF, the power lines are con- 
nected to the power side of the starter. 
After the circuit is connected and power is 
applied, the motor is tested at low speed. 
Only if the motor operates properly at 
low speed should the motor be tested at 
high speed. 


pe Speed 


Synchronous | 4% | Actual 
Speed* Slip* | Speed* 


3600 3456 


= 1800 1728 
1200 1152 


Application —Two-Speed 
Consequent-Pole Motors 


Motor speed can be changed with consequent- 
pole motors. The speed of the motor 
changes as the number of poles on the 
winding changes. The number of poles 
changes because of the way the current 
from the power lines (L1, L2, or L3) travels 


T4 


Speed 


TIES TOGETHER 
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through the motor windings. Since each 
motor winding is divided into two equal 
parts, the current can be made to travel 
through the windings connected in series or 
parallel with each other. A set of pushbut- 
tons can be wired into the control circuit to 
allow the motor to be started in low speed 
or high speed. 


Starter Connections 


T4, T5, T6 
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* A consequent-pole motor is a motor with stator windings that can be connected in two or more different ways 
so that the number of stator poles can be changed. 


e Ina consequent-pole motor, the current travels through the windings in series for one speed and in parallel for 
the other speed. ` ` 


e A series connection of two windings has one pole. The current flows through both coils in the same direction, 
so both coils have the same pole. The poles merge since they are adjacent. 


e A parallel connection of two windings has two poles. The current flows through the coils in opposite directions, 
so the coils have opposite poles. The poles are separate since they are opposite. 


* A two-speed consequent-pole motor has six leads brought out for connection. 


e Ina Schrage motor, the rotor is the primary and the stator is the secondary. The rotor is energized through the 
slip rings. 


¢ The rotor in a Schrage motor contains a control winding energized by the commutator. 

e A Schrage motor has adjustable brushes on a commutator to provide a control voltage to the stator. 

e A consequent-pole motor starting circuit usually allows the motor to be started at low or at high speed. 
* Some consequent-pole motor circuits allow the speed to be changed while running. 

* Compelling circuit logic requires a consequent-pole motor to be started at low speed. 


* Accelerating and decelerating logic are methods of controlling the acceleration and deceleration of a motor 
and load. 


Glossary 


A consequent-pole motor is a motor with stator windings that can be connected in two or more different ways 
so that the number of stator poles can be changed. 


A Schrage motor is a 3-phase AC motor with a rotor fed by a commutator and a set of brushes connected to an 
external circuit. 


Compelling circuit logic is a control function that requires the operator to start and operate a motor in a prede- 
termined order. 


Accelerating circuit logic is a control function that permits the operator to select a motor speed so that the control 
circuit automatically accelerates the motor to that speed. 


Decelerating circuit logic is a control function that permits the operator to select a low motor speed so that the 
control circuit automatically decelerates the motor to that speed. 
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1. Explain why a parallel winding in a consequent-pole motor has two poles while a series winding has one 
pole. 


2. Describe how line voltage is fed to a Schrage motor. Specifically, describe which part of the motor is the pri- 
mary and which part is the secondary. 


3. Explain how interlocks can be used to ensure that a motor must be stopped before changing the speed. 


4. Explain why it is often necessary to place interlocks to prevent the motor speed from being changed from high 
to low. 


5. Describe the behavior of compelling circuit logic during motor starting. 
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OBJECTIVES 


Describe the three main components of an adjustable-speed drive. 
Explain how the variable frequency applied to an AC motor is created. 
Describe the operation of inverter drives and vector drives. 

Explain how the variable voltage applied to a DC motor is created. 
Describe the operation of DC field-current control, SCR armature-voltage 
control, and chopper armature-voltage control drives. 


| sed control is essential ir y aerantl al, rcia 
ir | applications. Many applications do not require precise speed 
regulation, so manual drives or controllers without feedback are sufficient. 
It may be desirable to vary the speed of bulk material conveyors, pumps, 
fans, or similar loads, but exacting speed control probably is not required. 


s - Any type of process in which material is fed from a roll at one end of a 
“machine and collected on another roll at the other end of the machine prob- 
y ably requires very precise speed regulation, such as with newspaper print- 
Ing and textile manufacturing. i 
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_Changing Voltages in an 
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ADJUSTABLE-SPEED DRIVE 
COMPONENTS 


The three main sections of adjustable- 
speed drives are the converter section, 
DC bus section, and inverter section. The 
converter section includes a rectifier that 
receives the incoming AC voltage and 
changes it to DC. When the AC input volt- 
age is different than the AC output voltage 
required by a motor, the converter section 
must first step up or step down the AC 
voltage to the proper level. For example, 
an adjustable-speed drive supplied with 
115 VAC that must deliver 230 VAC to a 
motor requires a transformer to step up the 
input voltage. See Figure 14-1. 

The DC bus section filters the voltage 
and maintains the proper DC voltage 
level. The DC link is part of the DC bus 
section. The DC bus section delivers the 
DC voltage to the inverter section for con- 
version back to AC voltage. The inverter 
section controls the speed and torque of a 
motor by controlling voltage, frequency, 
and current. A controller applies logic to 
the variable-voltage inverter section. 
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Converter Section 


The converter section of an adjustable-speed 
drive is used to convert the AC source power 
into DC power that can be inverted back to 
variable-frequency voltage in the inverter sec- 
tion. Converter sections of adjustable-speed 
drives are single-phase full-wave rectifiers, 
single-phase bridge rectifiers, or 3-phase 
full-wave rectifiers. Small adjustable-speed 
drives supplied with single-phase power use 
single-phase full-wave or bridge rectifiers. 
Most adjustable-speed drives are supplied 
with 3-phase power. This requires 3-phase 
full-wave rectifiers. See Figure 14-2. 


Power Supply Requirements. In order for 
a converter section to deliver the proper 
DC voltage to the DC bus section of an 
adjustable-speed drive, the rectifier sec- 
tion must be connected to the proper power 
supply. Adjustable-speed drives operate 
satisfactorily only when connected to the 
proper power supply. The proper power sup- 
ply must not only be at the correct voltage 
level and frequency, but also provide enough 
current to operate an adjustable-speed drive 
at full power. 


VARIABLE-VOLTAGE 
INVERTER (VVI) 


3% VOLTAGE 
OUTPUT TO 
MOTOR 


Figure 14-1. An adjustable-speed drive supplied with 115 VAC that must deliver 230 VAC to a motor requires a transformer 
to step up the input voltage. 


Supply voltage at an adjustable-speed 
drive must be checked when installing a 
drive, servicing a drive, or adding additional 
loads or drives to a system. To determine if 
an adjustable-speed drive is underpowered, 
the voltage into the drive is measured under 
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no-load and then under full-load operating 
conditions. See Figure 14-3. A voltage dif- 
ference greater than 3% between no-load 
and full-load conditions indicates that the 
adjustable-speed drive is underpowered 
and/or overloaded. 


Three-Phase Full-Wave Rectifier 
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Figure 14-2. Most adjustable-speed drives are supplied with 3-phase power. This requires 


3-phase full-wave rectifiers. 
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Figure 14-3. A voltage difference greater than 3% between no-load and full-load conditions indicates that the adjustable- 
speed drive is underpowered and/or overloaded. 
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DC Bus Section 


The DC bus voltage is typically about 1.4 
times the AC supply voltage to an adjustable- 
speed drive. The DC bus section, or DC link, 
includes DC voltage supplied by the converter 
section and the DC filter components. Capaci- 
tors and inductors in the DC bus section filter 
and maintain the proper DC bus voltage level. 
See Figure 14-4. 


Capacitors. Capacitance is the ability of 
a component or circuit to store energy in 
the form of an electrical charge. Capacitors 
in a DC bus section are charged from the 
rectified DC voltage produced by the con- 
verter section. Capacitors oppose a change 
in voltage by holding a voltage charge that is 
discharged back into the circuit any time the 
circuit voltage decreases. For example, when 
the DC bus voltage starts to drop, capacitors 
discharge the electrical charge back into the 
system to counter the drop in voltage. 


Inductors. An inductor stores energy in the 
form of a magnetic field. As current flows 
through a coil, a magnetic field is produced. 
The magnetic field remains at maximum 
potential until the current in the circuit is 
reduced. As the circuit current is reduced, 
the collapsing magnetic field around the coil 
sends current back into the circuit. The coil 
smoothes or filters the power by building a 
magnetic field as current is applied and by 
adding current back into the circuit as the 
magnetic field collapses. Capacitors and in- 


DC Bus Section 


DC Bus Operating Voltages 
3 


* in VAC 
t in VDC 


VOLTAGE 


ductors (coils) are used together in DC filter 
circuits. Working together, capacitors and 
coils maintain a smooth waveform because 
capacitors oppose a change in voltage, and 
coils oppose a change in current. 


Resistors. A resistor is used in the DC bus 
section to limit the charging current, to dis- 
charge capacitors, and to absorb unwanted 
voltages. Current-limiting resistors prevent 
capacitors from drawing too much cur- 
rent. Resistors are also used to discharge 
capacitors when power is removed from an 
adjustable-speed drive. Braking resistors 
dissipate power when a motor becomes a 
generator after a stop button is pushed. 


Inverter Section 


The inverter section of an adjustable- 
speed drive controls the voltage level, 
voltage frequency, and amount of cur- 
rent that a motor receives. The inverter 
sections of AC drives change the DC bus 
voltage to variable-frequency AC. The 
inverter sections of DC drives change the DC 
bus voltage to variable-voltage DC. There 
are several methods of accomplishing these 
changes. Inverter sections have undergone 


significant changes in recent years, while 


the rectifier section and DC bus have not 
changed as much. Adjustable-speed drive 
manufacturers are continuously developing 
inverter sections that can control motor speed 
and torque with the fewest problems. 


CONVERTER 


FILTER 
CAPACITOR 


Figure 14-4. Capacitors and inductors in the DC bus section filter and maintain the proper DC 


bus voltage level. 


Installation 


Adjustable-speed drives must be protected 
from the environment by appropriate enclo- 
sures. Drives produce a fair amount of heat, 
so grouping several in a single cabinet can be 
a problem if forced cooling cannot be made 
available. Proper installation procedures 
must be followed when installing communi- 
cations cable in order to minimize induced 
electrical noise. For example, power and 
low-voltage wiring must be run in separate 
conduits and should be separated in control 
cabinets and enclosures by metal barriers. 
Where separation cannot be maintained, 
power and signal wiring should cross at right 
angles. Care must also be taken to ensure that 
shields are continuous over the entire signal 
cable length and that they are grounded only 
at one point, preferably at the drive end. 


AC MOTOR SPEED CONTROL 


The supply frequency and the number of 
poles are the main variables that determine 
the speed of an AC motor. In North America, 
the supply frequency is 60 Hz. In Europe 
and many other parts of the world, the 
supply frequency is 50 Hz. AC adjustable- 
speed drives vary the AC frequency to the 
motor in order to adjust the motor speed. 
The number of poles can be changed with a 
consequent-pole motor. However, changing 
the number of poles is not really a method 
of adjustable-speed control. It is a method of 
changing the rated speed of the motor. 

AC adjustable-speed drives are used to 
change the speed of AC motors by chang- 
ing the frequency of the voltage applied to 
the motor. In addition to controlling motor 
speed, adjustable-speed drives can control 
motor acceleration time, deceleration time, 
motor torque, and motor braking. An AC 
adjustable-speed drive changes the fre- 
quency of the voltage applied to a motor by 
taking the incoming AC voltage, converting 
it to a DC voltage, and inverting it back to 
variable-frequency AC. See Figure 14-5. 

The speed of an AC motor should not be 
changed by varying the applied voltage unless 
the motor is specifically rated for the varying 
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voltage. Damage may occur to an AC motor 
if the supply voltage is varied more than 10% 
above or below the rated nameplate voltage. 
Lower voltage results in lower torque. This 
is because in an induction motor, the start- 
ing torque and breakdown torque vary as the 
square of the applied voltage. For example, 
with 90% of rated voltage, the torque is only 
81% (0.9? = 0.81 or 81%) of its rated torque. 
Higher voltage can result in insulation damage 
and shortened motor life. 


AC Motor Drives ; 
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Figure 14-5. An AC adjustable-speed drive 
changes the frequency of the voltage applied 
to a motor by taking the incoming AC voltage, 
converting it to a DC voltage, and inverting it 
back to variable-frequency AC. 
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Motor Drive Names 


An adjustable-speed drive is one piece of 
electrical equipment that is often called by 
many names, depending upon the type of 
drive, type of motor to be controlled, or the 
type of incoming supply voltage to the drive. 
Adjustable-speed drives are manufactured 
as variable-frequency drives, adjustable- 
frequency drives, electric motor drives, invert- 
er drives, vector drives, direct torque-control 
drives, closed-loop drives, and regenerative 
drives. Commonly, the word drive is all that is 
used to indicate an adjustable-speed drive. The 


_supply voltage to an adjustable-speed drive is 


either AC voltage or DC voltage. Regardless 
of the nomenclature (naming system) and the 
differences between the types of drives, the 
primary function of a drive is to convert the 
incoming supply power to an altered voltage 
level and frequency that can safely control the 
motor connected to the drive and the load con- 
nected to the motor. See Figure 14-6. 
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Inverter Duty Motors 


The motor is one of the main consider- 
ations when choosing the speed control 
method for an application. Some motors 
offer excellent speed control through a 
wide range of speeds, while others may 
offer only two or three different speeds. 
Other motors offer only one speed that can- 
not be changed except by external means 
such as gears, pulley drives, or changes of 
power source frequency. 

AC adjustable-speed drives can control 
the speed of a motor and the speed of the 
load the motor is driving. However, AC 
adjustable-speed drives create problems for 
standard adjustable-speed motors because 
adjustable-speed drives produce voltage 
spikes. The voltage spikes create heat that 
damages the insulation and shortens the 
life expectancy of standard electric motors. 
Because of this heat, inverter duty motors 
are used. 
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Figure 14-6. The primary function of a drive is to convert the incoming supply power to an altered voltage level and frequency 
that can safely control the motor connected to the drive and the load connected to the motor. 


An inverter duty motor is an electric 
motor specifically designed to work with 
AC adjustable-speed drives. Inverter duty 
motors are designed to withstand the heat 
created by voltage spikes. These motors 
are made with special voltage-spike-resistant 
wire and improved insulation. Although 
a drive can be used to control a standard 
motor, it is best to use motors specifically 
designed for adjustable-speed drive use. 


Control of Applied Frequency 


Motors produce work to drive a load by 
rotating a shaft. The amount of work pro- 
duced depends on the amount of torque 
produced by the motor shaft and the speed 
of the shaft. The primary function of all 
adjustable-speed drives is to contro] the 
speed and torque of a motor. 

To safely control a motor, an adjustable- 
speed drive must monitor electrical char- 
acteristics such as motor current, motor 
voltage, drive temperature, and other 
operating conditions. All adjustable-speed 
drives are designed to remove power when 
there is a problem, and some drives allow 
conditions and faults to be monitored and 
displayed. In addition to controlling motor 
speed and torque, an adjustable-speed drive 
can include additional specialty functions 
that are built in, programmed into the drive, 
or sent to the drive through on-board com- 
munication with a PC or PLC. 

Controlling the frequency to an AC 
motor controls the speed of the motor. 
AC drives control the frequency applied 
to a motor over the range 0 Hz to several 
hundred hertz. AC drives are programmed 
for a minimum operating speed and a maxi- 
mum operating speed to prevent damage to 
the motor or driven load. Damage occurs 
when a motor is driven faster than its rated 
nameplate speed. AC motors should not be 
driven at a speed higher than 10% above 
the motor’s rated nameplate speed unless a 
licensed engineer is consulted. 

Controlling the volts-per-hertz ratio (V/Hz) 
applied to an AC motor controls motor 
torque. An AC motor develops rated torque 
when the volts-per-hertz ratio is maintained. 
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During acceleration over any speed between 
1 Hz and 60 Hz, the motor shaft delivers con- 
stant torque because the voltage is increased 
at the same rate as the increase in frequency. 
Once an adjustable-speed drive is delivering 
full motor voltage, increasing the frequency 
does not increase torque on the motor shaft 
because voltage cannot be increased any 
more to maintain the volts-per-hertz ratio. 
See Figure 14-7. 
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Figure 14-7. An AC motor develops rated torque 
when the volts-per-hertz ratio is maintained. 


The simplest way to adjust the drive output 
is to set an internal reference voltage. The 
reference voltage is used to set the output 
frequency and voltage of an adjustable-speed 
drive. This approach can provide speed con- 
trol within about 3% to 5% of the desired 
speed and can be used when precise speed 
control is not required. 

Many drives produced today have internal 
circuitry that can monitor motor voltages or 
currents that can be used to improve speed 
control within about 1% of the desired speed. 
Drives with analog or digital feedback signals 
can be used where extremely precise speed 


| Definition 


An inverter duty motor 
is an electric motor 
specifically designed to 
work with AC adjust- 
able-speed drives. 
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Definition, 


Pulse-width modulation 
(PWM) is a method of 
controlling the voltage 
sent to a motor by con- 
trolling the amount of 
time a transistor is ON 
and conducting current. 


regulation is required. These drives can control 
speed within about 0.01 % of the desired speed. 
The transducer used for this feedback signal 
can monitor either the speed of the motor itself 
or some part of the process being controlled. 


Pulse-Width Modulation. Pulse-width 
modulation (PWM) is a method of controlling 
the voltage sent to a motor by controlling the 
amount of time a transistor is ON and con- 
ducting current. This creates voltage pulses 
that average out as a sine wave to represent 
line power, but at any desired frequency. 


PWM uses transistors called insulated 
gate bipolar transistors (IGBTs) to create 
fixed-value pulses. The fixed-value pulses 
are produced by switching the transistors 
ON and OFF at high speed. By varying 
the time the transistor is ON, the width of 
each pulse varies and the average voltage 
can be varied. The wider the individual 
pulses, the higher the average voltage 
output. The PWM of a DC voltage is 
used to reproduce AC sine waves. See 
Figure 14-8. 
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Figure 14-8. By varying the time the transistor is ON, the width of each pulse varies and the average voltage can be varied. 


When PWM is used with AC voltage, two 
IGBTs are used for each phase. One IGBT 
is used to produce the positive pulses and 
another IGBT is used to produce the negative 
pulses of the sine wave. Because AC drives 
are typically used to control 3-phase motors, 
six IGBTs, two per phase, are used. The 
higher the switching frequency of the IGBTs, 
the closer the simulated AC sine wave is to a 
real sine wave and the lower the amount of 
heat produced by the motor. 


Carrier Frequency. The carrier frequency 
is the frequency that controls the number of 
times the solid-state switches in the inverter 
section of a PWM adjustable-speed drive 
turn ON and OFF. The higher the carrier 
frequency, the more individual pulses there 
are to reproduce the fundamental frequency. 
See Figure 14-9. The fundamental frequen- 
cy is the frequency of the voltage used to 
control motor speed. The carrier frequency 


* in Hz 
t in kHz 
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pulses per fundamental frequency are found 
by applying the formula: 
jE 


P= CARR. 
ss 

where 

P = pulses per Hz 

F -pg = carrier frequency (in Hz) 


CARR 
= fundamental frequency (in Hz) 


lia UND 


For example, the number of pulses per 
fundamental frequency when a carrier 
frequency of 6 kHz (6000 Hz) is used to 
produce a 60 Hz fundamental frequency is 
calculated as follows: 


| Definition 


The carrier frequency 

is the frequency that con- 
trols the number of times 
the solid-state switches 
in the inverter section of 
a PWM adjustable-speed 
drive turn ON and OFF. 


The fundamental fre- 
quency is the frequency 
of the voltage used to 
control motor speed. 
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Figure 14-9. The carrier frequency controls the number of times the solid-state switches in the inverter section of a PWM 


adjustable-speed drive turn ON and OFF. 


304 MOTORS 


inition 


A volts-per-hertz ratio 
(V/Hz) is the ratio of 
voltage to frequency in 
a motor. 


This means that 100 pulses of the bus 
voltage are used to create one pulse of 60 Hz 
voltage applied to the motor. If the desired 
frequency at the motor is 30 Hz, 50 pulses 
of the bus voltage are used to create one 
pulse of the 30 Hz voltage. 

Fundamental frequency is the frequency 
of the voltage a motor uses, but the carrier 
frequency actually delivers the fundamental 
frequency voltage to the motor. The carrier 
frequency of most adjustable-speed drives 
can range from | kHz to about 16 kHz. The 
higher the carrier frequency, the closer the 
output sine wave is to a pure fundamental 
frequency sine wave. 

Increasing the frequency to a motor 
above the standard 60 Hz also increases the 
noise produced by the motor. Noise is no- 
ticeable in the 1 kHz to 2 kHz range because 
itis within the range of human hearing and 
is amplified by the motor. A motor con- 
nected to an adjustable-speed drive deliv- 
ering a 60 Hz fundamental frequency with a 
carrier frequency of 2 kHz is about three times 
louder than the same motor connected directly 
to a pure 60 Hz sine wave with a magnetic 
motor starter. Motor noise is a problem in 
adjustable-speed drive applications, such as 
HVAC systems, in which the noise can carry 
throughout an entire building. 

Manufacturers have raised the carrier 
frequency beyond the range of human hear- 
ing to solve the noise problem. High carrier 
frequencies above about 8 kHz cause greater 
power losses in an adjustable-speed drive. 
Adjustable-speed drives must be derated 
or the size of heat sinks increased because 
of the increased power losses. Derating an 
adjustable-speed drive decreases the power 
rating of a drive, and increasing heat sink 
size adds additional cost to a drive. See 
Figure 14-10. 

Carrier frequency can be changed at an 
adjustable-speed drive to meet particular 
requirements. The factory default value is usu- 
ally the highest frequency, and changing to a 
lower frequency is done through a parameter 
change, such as changing 12 kHz to 2.2 kHz. 
One effect of high carrier frequencies is that 
the fast switching of the inverter produces 


larger voltage spikes that damage motor in- 
sulation. The voltage spikes become more 
of a problem as the cable length between an 
adjustable-speed drive and motor increases. 


Carrier Frequency 
Power Derating Curve 


CET a ET 


DS 
— 
D 
= 
E 
© 
fc 
i= 
S 
z 
5 
a 


4 6 8 10 12 14 16 18 
Carrier Frequency (kHz) 


Figure 14-10. Derating an adjustable-speed 
drive decreases the power rating of the drive. 


Voltage and Frequency. The motor heats ex- 
cessively and damage occurs to the windings 
if the voltage is not reduced when frequency 
is reduced. The voltage applied to the stator 
of an AC motor must be decreased by the 
same amount as the frequency. The motor 
does not produce its rated torque if the voltage 
is reduced more than required. The ratio be- 
tween the voltage applied to the stator and the 
frequency of the voltage applied to the stator 
must be kept constant when a motor is slowed. 
This ratio is referred to as the volts-per-hertz 
(V/Hz) ratio. A volts-per-hertz ratio (V/Hz) 
is the ratio of voltage to frequency in a mo- 
tor. The motor develops rated torque if this 
ratio is kept constant. 


Motor Lead Length 


In any electrical system, the distance be- 
tween components affects its operation. 
The primary limit to the distance between a 
magnetic motor starter and the motor is the 
voltage drop of the conductors. The voltage 
drop of conductors should not exceed 3% 
for any type of motor circuit. 

When an adjustable-speed drive is used 
to control a motor, the distance between 


the drive and motor may be limited by 
other factors besides the voltage drop of 
the conductors. Conductors between an 
adjustable-speed drive and motor have 
line-to-line (phase-to-phase) capacitance 
and line-to-ground (phase-to-ground) 
capacitance. Longer conductors produce 
higher capacitance that causes high voltage 
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spikes in the voltage to a motor. Since volt- 
age spikes are reflected into the system, the 
voltage spikes are often called reflective 
wave spikes, or reflected waves. As the 
length of the conductors increases and/or 
an adjustable-speed drive’s output carrier 
frequency increases, the voltage spikes 
become larger. See Figure 14-11. 
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Figure 14-11. As the length of conductors increases and/or an adjustable-speed drive’s output carrier frequency increases, 


the voltage spikes become larger. 
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An inverter drive, or sca- 
lar drive, is a standard 
adjustable-speed drive 
that uses pulse-width 
modulation to control 
the speed and torque. 


Voltage spikes are a problem because spikes 
stress motor insulation. When voltage spikes 
become a problem, the lead length should be 
reduced and/or filters that suppress voltage 
spikes should be added. Drive manufacturers 
often provide tables that give the maximum 
lead length at specified frequencies. Smaller 
horsepower motors and multiple motors con- 
nected to one adjustable-speed drive can be 
more susceptible to voltage spikes. Reducing 
the carrier frequency also reduces reflected 
wave voltage spikes. Inverter rated motors 
that have spike-resistant insulation reduce the 
damage caused by voltage spikes. 


Control of Applied Voltage 


The speed of standard AC squirrel-cage 
induction motors is normally varied by 
changing the number of poles or the applied 
frequency. However, it is possible in some 
applications to control the speed of a load 
by varying the voltage applied to the motor. 
This method is not a standard method of 
speed control, and caution must be taken in 
applying it. By varying the voltage applied 
to the motor, the torque that the motor can 
deliver to the load is varied. The torque of 
a squitrel-cage induction motor varies with 
the square of the applied voltage. 

The greater the torque, the faster the ac- 
celeration time. If the torque of a motor is 
reduced, the speed at which the motor per- 
forms the work is also reduced. Although 
it is possible to reduce the speed of a large 
motor by reducing the applied voltage, 
this method could damage the motor from 
excess heat buildup in the motor. This type 
of speed control is limited to applications 
of soft-start, light loads, such as fans and 
blowers. Shaded-pole or permanent-magnet 
motors are normally used in these applica- 
tions. Changing the applied voltage should 
not be considered a standard method except 
in applications that are specifically designed 
for this type of speed control. 


AC Drive Types 


AC drives control motor speed and torque 
by converting incoming AC voltage to DC 


voltage and then converting the DC volt- 
age to a variable-frequency AC voltage. 
Single-phase 208 V or 240 V AC drives are 
available for operating 3-phase motors up to 
about 3 HP. However, most AC drives oper- 
ate on one of the common 3-phase systems. 
Medium-voltage electronic drives for use 
on 2400 V and higher-voltage systems are 
also available. 

Three-phase motors are reversed by 
simply interchanging any two motor 
leads. This is normally much easier to do 
at the starter than at the motor terminal 
box. Many drive units are mounted in 
enclosures so that it is easy to swap two 
line leads. However, the incoming phase 
relationships are lost in the rectifier sec- 
tion, so interchanging two line leads does 
not reverse the motor. Therefore, any leads 
to be interchanged must be at the motor or 
at the drive output terminals. 


Inverter Drives. An inverter drive, or 
scalar drive, is a standard adjustable-speed 
drive that uses pulse-width modulation 
to control the speed and torque. Inverter 
drives include variable-voltage inverters 
(VVD, current-source inverters (CSI), and 
pulse-width-modulated inverters (PWM). 
Inverter drives are the oldest type of AC 
drive. Older six-step inverter drives used 
SCRs in the inverter section of the AC 
drive to produce the AC sine wave. PWM 
inverters use transistors in the inverter 
section to produce the AC sine wave. See 
Figure 14-12. Transistors operate at much 
faster speeds than SCRs, thus allowing 
higher switching frequencies, to produce 
electronically reproduced sine waves that 
closely resemble a pure sine wave. The 
improved sine wave produces less heating 
in a motor than six-step inverters. 


Blech boc 


AC drives often have higher power loss 
than DC drives because DC drives have 
one energy conversion (AC to DC), and AC 
drives have two energy conversions (AC 

to DC and DC to AC). New electric motor 
drives are more energy efficient than drives 
that are only a few years old. 
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Figure 14-12. Older six-step inverter drives used SCRs in the inverter section of the AC drive to produce the AC sine wave. 
PWM inverters use transistors in the inverter section to produce the AC sine wave. 


Vector Drives. Inverter drives that control 
motor speed by setting motor voltage and 
frequency work well for most applications. 
Historically, applications that required 
better motor torque control at different 
speeds used DC motors. Vector drives 
were developed to overcome the problem 
of using high-maintenance DC motors. A 
vector drive is a variable-speed drive that 
uses a microprocessor and PWM, usually 
with feedback, to calculate the precise vec- 
tor between voltage and frequency that is 
needed to provide better control of speed 
and torque. Vector drives are rapidly replac- 
ing inverter drives in almost all applications 
as the cost of microprocessors decreases. 


Closed-Loop Vector Drives. A closed- 
loop vector drive is a vector drive that uses 
shaft-mounted sensors to determine the rotor 
position and speed of a motor and send the 
information back to the adjustable-speed 
drive. Feedback from sensors, like encoders 
and tachometers, allows an adjustable-speed 


drive to automatically make adjustments to 
better meet the needs of the motor. 

Vector drives, also called flux vectors 
or field orientation drives, are designed to 
operate AC motors with the same perfor- 
mance as DC motors. Vector drives achieve 
this performance by measuring the current 
drawn by a motor at a known speed and 
comparing the current drawn to the applied 
voltage. Induction motors produce torque at 
the rotor and shaft when there is slip. Induc- 
tion motor torque is directly proportional 
to the amount of slip. When motor speed 
is known from encoder feedback, slip can 
be calculated and torque on the motor shaft 
can be controlled. See Figure 14-13. 

Vector drives are capable of performing 
the same functions as inverter drives and 
more. Vector drives are a good choice for 
many applications, but inverter drives are 
more economical and are better for ap- 
plications such as centrifugal pumps, fans, 
and blowers, or any applications that do not 
require full torque control. 


| Definition 


A vector drive is a vari- 
able-speed drive that 
uses a microprocessor 
and PWM, usually with 
feedback, to calcu- 

late the precise vector 
between voltage and 
frequency that is needed 
to provide better control 
of speed and torque. 


A closed-loop vector 
drive is a vector drive 
that uses shaft-mounted 
sensors to determine the 
rotor position and speed 
of a motor and send the 
information back to the 
adjustable-speed drive. 
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Figure 14-13. When motor speed is known 
from the encoder feedback, slip can be cal- 
culated and torque on the motor shaft can 
be controlled. 


Vector drives have many advantages over 
inverter drives. For example, full rated torque 
can be delivered at zero speed. Inverter drives 
cannot maintain full rated torque at zero 
speed. Motor speed can be accurately con- 
trolled to within about 0.01% of the set speed 
of the drive when operating in a closed-loop 
condition. Inverter drives can typically control 
motor speed within 1% of the set speed of the 
drive. Motors run cooler with vector drives 
than with inverter drives. 

There are also some disadvantages with 
vector drives. Vector drives are more ex- 
pensive than inverter drives. They cannot 
be used to operate multiple motors from the 
same drive. Inverter drives can operate mul- 
tiple motors from the same drive when in- 
dividual motor protection is used with each 


motor. Vector drives require an encoder or 
tachometer. Mounting and maintaining the 
encoder adds cost to the system. 


Open-Loop Vector Drives. An open-loop 
vector drive, or sensorless vector drive, is 
a vector drive that has no feedback from 
the motor. An open-loop vector drive uses 
an internal model of the motor and load to 
control the speed. For example, if the current 
is different than the model predicts, the vector 
drive compares it to the model and makes nec- 
essary adjustments. Open-loop vector drives 
are often called sensorless vector drives. 
Open-loop vector drives are programmed with 
motor and application data to anticipate how — 
best to control the motor and load. 
Open-loop vector drives are used where 
speed regulation is important, but not im- 
portant enough to require encoder feedback. 
Open-loop vector drives typically can control 
speed within 0.1% of the drive setting. 


Variable-Voltage-Inverter and Current- 
Source-Inverter Drives. AC adjustable- 
speed drives are classified as either 
variable-voltage-inverter (VVI) drives 
or as current-source-inverter (CSI) drives 
depending on how the DC bus filtering is ac- 
complished. The filter sections of electronic 
drives can be either capacitive or inductive. 
The relative magnitude of the inductance 
and capacitance determines the type of 
inverter output. Large capacitive filters are 
used in VVI drives, which apply a voltage 
to the motor. Large inductive filters are 
used in CSI drives, which act as a constant 
current source for the motor. V VI drives are 
used for armature speed controls, while CSI 
drives are used for field controls. 

Some VVI and CSI drives produce a 
square wave instead of a sine wave because 
of the slow SCRs or bipolar-junction tran- 
sistors used in the inverters. Square waves 
produce high torque pulsations at the motor 
that cause a motor to have jerky movements 
at low speeds and operate at high tempera- 
tures. To overcome the square wave problem, 
better adjustable-speed drives use IGBTs and 
pulse-width modulation to produce a more 
accurate sine wave that is less susceptible to 
torque pulsations. See Figure 14-14. 
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Figure 14-14. Better adjustable-speed drives use IGBTs and pulse-width modulation to produce a more accurate sine wave 
that is less susceptible to torque pulsations. 
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VVI drives can be used to control 
most types of induction and synchronous 
motors, and several motors can be oper- 
ated from the same drive. VVI drives are 
inherently immune to damage from open 
circuits. Because of the capacitive filtering, 
voltage-source drives can tolerate voltage 
dips on the power lines. The main disad- 
vantage of voltage-source drives is that 
deceleration control and braking cannot 
be accomplished without external braking 
resistors or relatively expensive regenera- 
tive braking controls. 

CSI drives are specific to a particular 


‘type of motor, so drives must be purchased 


for each type of motor to be controlled. 
CSI drives can normally be used to control 
only a single motor because they require 
feedback signals. Because they are current 
devices, simple short-circuit protection 
is adequate. However, high open-circuit 
voltages can damage the drive. One major 
advantage is that current-source inverters 
are inherently capable of forward and re- 
verse operation with braking capabilities 
in both directions, so external braking 
circuits are not required. The presence 
of large filtering reactors makes current- 
source drives much larger than their voltage- 
source counterparts. 

Chapter 430 of the NEC® requires that 
disconnects be provided for all motors. 
CSI drives cannot tolerate open-circuit 
conditions. If a remote disconnect is opened 
while a current-source drive is operating, it 
can be destroyed almost instantly. A VVI 
drive is not affected by opening a discon- 
nect, but cannot tolerate high motor-starting 
currents. However, the drive may be dam- 
aged when the disconnect is reclosed. 

Regardless of any acceleration-rate pa- 
rameter setting, all VVI drives must limit 
motor currents during startup. If the drive 
is already ON when the motor is recon- 
nected, the current limit protection may 
not operate fast enough to prevent damage. 
These problems can be alleviated easily by 
installing auxiliary contacts in the remote 
disconnects. Virtually all AC drives have a 
set of terminals for this purpose. 


DC MOTOR SPEED CONTROL 


The primary difference between DC and 
AC drives is in the power output sections. 
With AC motors, the frequency is varied 
to adjust the speed of the motor. For 
many DC motor applications, the speed 
is controlled by varying the voltage sup- 
plied by the drive to the armature. The 
higher the applied voltage, the faster a 
DC motor rotates. For other DC motor 
applications, the speed is controlled by 
varying the current supplied by the drive 
to the shunt field. 

The difference between these applica- 
tions is the actual motor relative to the 
base speed. Base speed is the motor speed 
at full line voltage and is listed on the 
motor nameplate. See Figure 14-15. At 
base speed, the motor has full armature 
current and full shunt current. The speed 
is controlled from 0 rpm up to the base 
speed by varying the voltage to the arma- 
ture. If the speed must be controlled above 
the base speed, the armature voltage is 
held constant and the field current varied. 
When armature voltage is controlled, the 
motor delivers constant torque. When field 
voltage is controlled, the motor delivers 
constant horsepower. 


DC Motor Speed Control —__ 


REDUCING FIELD VOLTAGE 
INCREASES SPEED 
ABOVE BASE 


MOTOR PRODUCED 
WHEN FULL FIELD 
AND ARMATURE 
VOLTAGE APPLIED 


REDUCING ARMATURE VOLTAGE 
DECREASES SPEED BELOW BASE 


DC Applied Voltage 


Figure 14-15. Base speed is the motor speed 
at full-line voltage and is listed on the motor 
nameplate. 


DC motor torque is controlled by varying 
the amount of current in the armature. DC 
drives are designed to control the amount of 
voltage and current applied to the armature 
of DC motors to produce the desired torque 
and speed. The ideal operating condition 
is to deliver current to a motor to produce 
enough torque to operate the load without 
overloading the motor, adjustable-speed 
drive, or electrical distribution system. 


DC Drives 


A wide variety of solid-state, variable-speed 
drives for DC motors are available. Selec- 
tion of the proper drive depends on the type 
of DC motor and the requirements of the 
load. The degree of speed regulation re- 
quired affects the selection of both the drive 
and appropriate feedback components. Ad- 
ditional considerations include reversibility 
and braking requirements. Regenerative 
braking features may be beneficial when 
large motors with high inertial loads are to 
be controlled. 

Regardless of the type of motor being 
driven, all DC drives include the same basic 
circuit components as AC drives. Most drives 
available today combine the field- and 
armature-control circuits in a single drive. 

DC drives normally control the voltage 
applied to a motor over the range 0 V to the 
maximum nameplate voltage rating of the 
motor. See Figure 14-16. If an adjustable- 
speed drive can deliver more voltage than 
the rating of the motor, the drive should be 
programmed to limit the output voltage in 
order to prevent motor damage. DC motors 
are subject to the same reduced cooling 
and increased centrifugal-force effects as 
AC motors. However, since most DC mo- 
tors are used for reduced-speed operations, 
they can be furnished with externally driven 
cooling systems. 

Some modern DC drives include a field- 
voltage economizer function. The economiz- 
er function is used to apply a small voltage 
to the shunt field windings when the motor 
is OFF. This helps keep the motor warm and 
dry. Economizer voltage levels are often 
about 120 V, which can be hazardous for 
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an electrician if the drive is not completely 
powered down during maintenance. 

The three basic types of variable-speed 
DC motor controls are field-current control, 
SCR armature-voltage control, and chopper 
armature-voltage control. DC shunt motor and 
DC compound motor speed can be controlled 
by either using field-current control to vary 
the shunt field current or by varying the arma- 
ture voltage. Armature-voltage control is the 
only method applicable to DC series motors 
because the same current flows through both 
the armature and the field coils. 

Drives for small permanent-magnet 
motors are the simplest, while drives for 
compound-wound motors are the most 
complex. Drives for shunt-wound motors 
are probably the most common. Small DC 
drives are available for use on 12 V, 24 V, 
or 240 V single-phase power, while most 
larger DC drives usually operate on 208 V, 
240 V, or 480 V 3-phase power. 


DC Field-Current Control. DC motor 
speed is controlled by varying the volt- 
age applied to the motor. DC field-current 
control is a method of controlling the volt- 
age applied to a shunt field. The controller 
adjusts the current in the shunt field, and 
therefore controls the strength of the shunt 
field. DC field-current speed control is 
generally used only where higher speeds 
are required and reduced torque output can 
be tolerated. The controllers are usually in- 
cluded as a part of a complete drive system 
but can be stand-alone drives. Both types of 
field-current control drives include the same 
basic components. See Figure 14-17. 

The feedback section receives and scales 
an input from a speed-sensing device, such 
as a tachometer generator. This conditioned 
input is then inverted and added to the 
speed-control signal set by the operator. 
The preamplifier section modifies the 
feedback signal so that it is compatible 
with the sawtooth generator voltage output. 
The output from the preamplifier is called 
the speed-reference voltage. The sawtooth 
generator section uses an oscillator to pro- 
duce a 3 kHz sawtooth-shaped waveform. 
See Figure 14-18. 


| Definition 


DC field-current control 
is a method of control- 
ling the voltage applied 
to a shunt field. 
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Figure 14-16. DC drives normally control the voltage applied to a motor over the range 0 V to the maximum nameplate volt- 


age rating of the motor. 


_Field-Current Control 


FEEDBACK 


TACHOMETER 
GENERATOR 


Figure 14-17. Field-current controls include components to provide a varying 
voltage to the shunt field. 


3000 CYCLES 
PER SECOND 


Figure 14-18. The sawtooth generator sec- 
tion uses an oscillator to produce a 3 kHz 
sawtooth-shaped waveform. 


The comparator section compares the 
speed-reference voltage to the sawtooth 
voltage and acts as a trigger. If the sawtooth 
voltage is higher than the speed-reference 
voltage, the transistors in the power ampli- 
fier are turned ON and the DC bus voltage is 
applied to the DC motor. Since the sawtooth 
voltage is oscillating at high frequency, the 
sawtooth voltage quickly falls below the 
speed-reference voltage, and the DC bus 
voltage is removed from the DC motor. This 
is similar in operation to the pulse-width 
modulation used in AC drives. 

The current sensor is a safety circuit that 
monitors current flow to the field coils. If cur- 
rent flow drops below a preprogrammed level, 
the drive is shut down to prevent damage. 

If the motor speed decreases because 
of an increase in load, the speed-reference 
voltage increases. The trigger turns the 
voltage ON when the sawtooth voltage is 
higher than the speed-reference voltage. 
Therefore, a higher speed-reference voltage 
means the voltage is ON less time in each 
cycle and the average voltage is lower. This 
results in less current flowing to the field. 
The weakened field then causes the speed 
of the motor to increase. If the motor speed 
increases because of a reduction in load, 


the speed-reference voltage decreases. This 
results in more current flowing to the field 
with a corresponding decrease in speed. 

While some drives are capable of 
feedback control of the shunt field, this 
method has limited application. Most often, 
field-current levels are entered as fixed 
parameters, and actual speed control is ac- 
complished by silicon controlled rectifier 
(SCR) armature voltage control. 


SCR Armature-Voltage Control. SCR 
armature-voltage control is a method of 
using SCR bridge rectifiers to control the 
voltage applied to the armature of a DC 
motor. SCR armature-voltage control drives 
include many conditioning circuits to pre- 
cisely control the bridge output applied to 
the armature. See Figure 14-19. 

A DC shunt or compound motor normally 
has full rated current applied to shunt field 
coils when armature voltage control is used. 
With rated current flowing in them, the shunt 
fields produce a nearly constant magnetic 
field strength. Therefore, armature-voltage 
control yields a constant torque output from 
very low speeds up to rated speed. 

The control power supply is a separate 
regulated DC power supply that is opti- 
cally isolated from the sawtooth generator. 
The pulse driver produces a highly condi- 
tioned pulsating output that is used to fire 
the SCRs precisely. 

Feedback control may or may not be 
used. Many of the armature voltage con- 
trollers available today incorporate current 
and/or voltage-sensing circuits that can 
improve speed regulation when fcedback 
is not used. These circuits monitor changes 
in motor speed by detecting changes in the 
voltage drop across and/or current flow 
through the armature. 


Chopper Armature-Voltage Control. 
Chopper armature-voltage control is a 
method of using a high-speed chopper circuit 
to control the voltage applied to the armature 
of a DC motor. There are two primary differ- 
ences between SCR and chopper armature- 
voltage controllers. SCR armature-voltage 
control occurs at the point where the power 
is being rectified by the SCRs. All chopper 
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drive-control functions occur after power 
rectification has occurred. 

SCR armature-voltage control uses relative- 
ly slow bipolar junction transistors to switch 
the power. Chopper circuits use faster MOS- 
FETs or IGBT transistors. Higher switching 
speeds provide smoother motor operation and 
more rapid response to speed changes. 

Chopper-based controllers may use diode 
or SCR rectifier bridges to produce the re- 
quired DC power. Chopper controllers with 
SCR rectifiers can be used to drive motors 
with different voltage ratings because the DC 
bus voltage can be controlled by adjusting the 
firing angle of the SCRs. The voltage actually 
applied to the motor is always determined by 
the duty cycle of the chopper switches. 

The choice of SCR or chopper armature- 
voltage control depends primarily on the 
type of power available. Facilities having a 
DC distribution bus can use chopper drives 
designed for battery opcration. These drives 
are made without a rectifier section. Because 
chopper circuits operate at much higher fre- 
quencies than SCR circuits, these drives can 
provide better speed regulation. 


SCR Armature-Voltage 
Control 


FEEDBACK 


TACHOMETER 
GENERATOR 


Figure 14-19. SCR armature-voltage control 
drives include many conditioning circuits to 
precisely control the bridge output applied to 
the armature. 


| Definition 


SCR armature-voltage 
control is a method of 
using SCR bridge rectifi- 
ers to control the voltage 
applied to the armature 
of a DC motor. 


Chopper armature- 
voltage control is a 
method of using a high- 
speed chopper circuit 
to control the voltage 
applied to the armature 
of a DC motor. 
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Shunt Motor Drive with 
Compound-Wound Motor 


A simple circuit can be constructed 
that will safely allow the use of a shunt 
motor drive with a compound-wound 
motor. A shunt motor drive has ter- 
minals labeled F1 and F2 for connec- 
tion to the shunt field and terminals 
labeled A1 and A2 for connection to 
the armature. The series field has 
terminals labeled S1 and S2 that are 
connected in series with the armature. 
A typical compound-wound motor is a 
cumulative-compounded motor, where 
the magnetic fields in the shunt and 
the series winding are in the same 
direction, and the fields add together. 
A single-phase bridge rectifier can be 
used with the drive to ensure that the 
current flows in the correct direction 
through the series field at all times. 
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SHUNTFIELD 
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The A2 drive terminal is connected 
to one of the AC terminals of the recti- 
fier and the A2 motor lead is connected 
to the other AC terminal. Proper polar- 
ity of the series field is maintained by 
connecting S1 to the positive bridge 
terminal and S2 to the negative bridge 
terminal. This ensures that the current 
through the series field is always from 
S2 to S1, even when the polarity of A1 
and A2 is reversed. When A1 at the 
drive is negative, current flows from A1 
at the drive to A1 at the armature, from 
A2 at the armature through the bridge 
and out the negative terminal, through 
the series field from S2 to S1, back 
through the bridge positive terminal, 
and back to the drive at terminal A2. 
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DC Drive Classification 


DC drives can be classified by their 
operational capabilities. Form classifica- 
tions are sometimes used to describe the 
operational characteristics of electronic 
drives. Positive torque means that torque 
is applied in the direction of the normal 
forward direction. Positive torque is used 
to accelerate a motor that is running in 
the forward direction or to brake a motor 
that is running in the reverse direction. 
Positive rotation means a motor is running 
in the normal forward direction. Negative 
rotation means a motor is running in the 
` reverse direction. 
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FORWARD 
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Quadrant I 


FORWARD 
RUNNING 


| 
Quadrant W 


REVERSE 
RUNNING 


Quadrant © 


REVERSE 
BRAKING 


Rotation 


Form A drives are unidirectional, with- 
out braking capabilities. Their operation 
is limited to Quadrant |. Form A drives 
can be used to operate a motor in either 
direction by simply changing connections 
to the motor. An antiplugging switch or 
time delay may also be required to allow 
the machine to come to a complete stop 
before switching into reverse. 


Form A drives are the simplest and 
least expensive. They are used in ap- 
plications in which speed control is 
required but controlled stopping is not 


required. Both SCR and chopper drives 
are available. Stand-alone field-current 
controllers are Form A by definition 
because braking is not possible and 
reversing is not advisable. Form A 
drives can also be made reversing if 
the appropriate reversing contactors 
and safety interlocks are added. Very 
few drives can withstand plugging 
loads, and only very small DC motors 
can be started across the line. There- 
fore, reversing contactor design must 
include these features. 


Form B drives are bidirectional and 
can operate in Quadrants | and Ill. 
Form B drives include the required re- 
versing circuitry. This is accomplished 
either by incorporating two rectifier 
sections with opposite polarity or by 
using two switching paths to the ar- 
mature output terminals. Since the 
switching circuitry is contained within 
the drive, the manufacturer can design 
an appropriate scheme to limit arma- 
ture currents during reversal. 


Form C drives are unidirectional with 
braking capabilities, and they operate in 
Quadrants | and Il. Form C drives can 
be used to operate a motor in either di- 
rection by simply changing connections 
to the motor. Form C drives are simply 
Form A drives with the added feature 
of a dynamic braking circuit. Forms C 
drives can also be made reversing if 
the appropriate reversing contactors 
and safety interlocks are added. Some 
manufacturers offer basic Form A drives 
that include the diodes required for 
braking and then offer optional plug-in 
control boards for dynamic or regenera- 
tive braking. 


Form D drives are capable of op- 
erating in all four quadrants. Form D 
drives are essentially expanded Form 
B drives that incorporate dynamic or 
regenerative braking control circuits. 
The most complex drives are Quad- 
rant IV operation, which are capable 
of bidirectional operation with braking 
capabilities in both directions. 
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Soft Start and Soft Stop 


A 
A soft starter is a motor control device tiometer is used to adjust the starting § 
that provides a gradual voltage increase level of the voltage to a motor with % 
(ramp up) during AC motor starting and a value at which the motor starts to Ñ 
a gradual voltage decrease (ramp down) rotate immediately when soft starting 3 
during stopping. Soft starters are used to js applied. 4 
control single-phase and 3-phase motors. er : : m 
The capabilities and advantages of soft S o EIN e iee or 4 
starters fall between a magnetic motor Slid-state switch, soft starters pro- g 
starter and an adjustable-speed drive. A duce heat that must be dissipated for S 
soft starter has advantages over a mag- Proper operation. Large heat sinks A 


netic motor starter in that soft starters @"e required to dissipate the heat 
start and stop a motor gradually, causing When high current loads (motors) are 
less strain on the motor. A soft starteris Controlled. Typically, contactors are 
the simplest solid-state starter available added in parallel with soft starters. The 
but provides fewer functions than basic Soft starter is used to control a motor 
variable-speed drives. when the motor is starting or stopping 


Soft starting is achieved by increasing 294 the contactor is used to short 
the voltage of a motor gradually in ac- Ul the soft starter when the motor is 
cordance with the setting of the ramp-up İN Operation. Placing contactors and 
control. A potentiometer is used to set SOft Starters in parallel allows for soft 
the ramp-up time (typically 1 sec to 20 Starting and soft stopping of motors 
sec). Soft stopping is achieved with a without the need for large heat sinks 
second potentiometer by decreasingthe during motor operation. Soft starters 
motor voltage gradually in accordance include an output signal that is used 
with the setting of the ramp-down time to control the time that a contactor is 
(typically 1 sec to 20 sec). A third poten- ON or OFF. 
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Application—Volts-per-Hertz Ratio 


The volts-per-hertz ratio for an induc- 
tion motor is found by dividing the rated 
nameplate voltage by the rated nameplate 
frequency. To find the volts-per-hertz ratio 
for an AC induction motor, apply the fol- 
lowing formula: 


where 

V/Hz = volts-per-hertz ratio 

V= rated nameplate voltage (in V) 
f= rated nameplate frequency (in Hz) 


For example, the volts-per-hertz ratio 
of an AC motor rated for 230 VAC, 60 Hz 
operation is calculated as follows: 


Above approximately 15 Hz, the amount 
of voltage needed to keep the volts-per-hertz 


ratio linear is a constant value. Below 15 Hz, 
the voltage applied to the motor stator may 
need to be boosted to compensate for the 
large power loss AC motors have at low 
speed. The amount of voltage boost depends 
on the motor. 


A motor drive can be programmed to 
apply a voltage boost at low motor speeds 
to compensate for the power loss at low 
speeds. The voltage boost gives the motor 
additional rotor torque at very low speeds. 
The amount of torque boost depends on 
the voltage boost programmed into the 
motor drive. The higher the voltage boost, 
the greater the motor torque. 


Motor drives can aiso be programmed to 
change the standard linear volts-per-hertz 
ratio to a nonlinear ratio. A nonlinear ra- 
tio produces a customized motor torque 
pattern that is required by the lead op- 
erating characteristics. For example, a 
motor drive can be programmed for two 
nonlinear ratios that can be applied to fan 
or pump motors. Fans and pumps are nor- 
mally classified as variable torque/variable 
horsepower loads. Variable torque/variable 
horsepower loads require varying torque 
and horsepower at different speeds. 
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Application— Motor Lead 
Lengths 

Drive manufacturers usually provide the rec- 
ommended maximum cable length between 
the drive and motor. The length depends on 
the carrier frequency and the motor design 
used in the drive. Voltage spikes are created 
when high-frequency carrier frequencies are 
used. The voltage spikes are worse when 
the leads are longer. Some motor designs 
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are able to tolerate the voltage spikes better 
than other designs because of improved 
insulation. Depending on the manufacturer, 
the maximum cable lengths may be given 
in feet or in meters. 


Circuit 1 uses drive part number 01 
and operates at 16 kHz. From the table, 
the maximum cable length is 10 m (32.8). 
Circuit 2 uses drive part number 04 and 
operates at 4 kHz. From the table, the 
maximum cable length is 40 m (131’). 


16 kHz 
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CIRCUIT 2 
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The three main components of an adjustable-speed drive are the converter section, the DC bus section, and the 
inverter section. 


The converter section contains a rectifier that converts the AC line power to DC. 
The DC bus contains capacitors, inductors, and resistors that filter the DC. 
The inverter section uses the power from the DC bus to create variable-frequency AC. 


The speed of an AC motor is varied by varying the frequency of the applied voltage. 


The torque of an AC motor is kept constant at all frequencies by varying the volts-per-hertz ratio as the frequency 
is changed. 


Pulse-width modulation controls the amount of time a transistor is ON and conducting current. 


The carrier frequency controls the number of times the transistors turn ON and OFF to simulate an AC wave- 
form. The carrier frequency is typically in the range of 1 kHz to 20 kHz. 


The fundamental frequency is the frequency of the voltage applied to the motor. The fundamental frequency is 
typically in the range of 0 Hz to 100 Hz. 


An inverter drive uses PWM without feedback to control AC motor speed. 
A vector drive uses a microprocessor and PWM, usually with feedback, to control AC motor speed. 
DC field-current control varies the voltage applied to the shunt coil of a shunt motor or a compound motor. 


SCR armature-voltage control varies the voltage applied to the armature of a DC motor. The DC bus voltage is 
controlled at the rectifier to control the voltage applied to the motor. 


Chopper armature-voltage control varies the voltage applied to the armature of a DC motor. The average voltage 
is determined by the duty cycle of the chopper switches. 
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Glossary 


An inverter duty motor is an electric motor specifically designed to work with AC adjustable-speed drives. 


Pulse-width modulation (PWM) is a method of controlling the voltage sent to a motor by controlling the amount 
of time a transistor is ON and conducting current. 


The carrier frequency is the frequency that controls the number of times the solid-state switches in the inverter 
section of a PWM adjustable-speed drive turn ON and OFF. 


The fundamental frequency is the frequency of the voltage used to contro! motor speed. 
A volts-per-hertz ratio (V/Hz) is the ratio of voltage to frequency in a motor. 


An inverter drive, or scalar drive, is a standard adjustable-speed drive that uses pulse-width modulation to 
control the speed and torque. 


A vector drive is a variable-speed drive that uses a microprocessor and PWM, usually with feedback, to calculate 
the precise vector between voltage and frequency that is needed to provide better contro! of speed and torque. 


A closed-loop vector drive is a vector drive that uses shaft-mounted sensors to determine the rotor position and 
speed of a motor and send the information back to the adjustable-speed drive. 


An open-loop vector drive, or sensorless vector drive, is a vector drive that has no feedback from the motor. 
DC field-current control is a method of controlling the voltage applied to a shunt field. 


SCR armature-voltage control is a method of using SCR bridge rectifiers to contro! the voltage applied to the 
armature of a DC motor. 


Chopper armature-voltage control is a method of using a high-speed chopper circuit to control the voltage ap- 
plied to the armature of a DC motor. 


1. Describe how the converter section of an adjustable-speed drive operates. 

2. Be how the DC bus section of an adjustable-speed drive operates. 

3. Describe how the inverter section of an adjustable-speed drive operates. 

4. Explain how pulse-width modulation is used to create a variable-frequency source. 

5. Explain why the length of the leads connecting a drive to a motor is important. 

6. Explain why vector drives give better speed control than inverter drives. 

7. Describe the difference between closed-loop vector drives and open-loop vector drives. 


8. Describe the differences between DC field-current control, SCR armature-voltage control, and chopper arma- 
ture-voltage control. 
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OBJECTIVES 


e Understand the difference between rolling-contact and friction bearings. 

e Explain how to mount a bearing. Define the difference between press-fit 
and push-fit installation. 

e Describe several methods for lubricating bearings. 

e List various ways bearings can become damaged and describe how the 
type of damage can be identified through bearing failure analysis. 


Graphite inserts =a 


Bearings guide and position moving parts to reduce friction, vibration, and 
temperature. Motor efficiency and accuracy depends on proper bearing 
selection, installation and handling, and maintenance procedures. Bear- 
ings are classified as rolling-contact bearings or friction bearings. Rolling- 


contact bearings include ball, roller, and needle bearings. Successful bear- 
ing installation requires cleanliness and correct bearing selection, mount- 
‘ing methods, tool use, and tolerance specifications. 


Definition __ 


A bearing is a ma- 
chine component used 
to reduce friction and 
maintain clearance 
between stationary and 
moving parts. 


A radial load is a load 
applied perpendicular to 
the rotating shaft, straight 
through the ball toward 
the center of the shaft. 


An axial load, or thrust 
load, is a load applied 
parallel to the rotating 
shaft. 


A rolling-contact bearing, 
or antifriction bearing, 

is a bearing that contains 
rolling elements that 
provide a low-friction 
support surface for rotat- 
ing or sliding surfaces. 


BEARINGS AND LOADS 


A bearing is a machine component used 
to reduce friction and maintain clearance 
between stationary and moving parts. Mo- 
tor bearings are mounted in the endbells at 
each end of the motor. Bearings guide and 
position moving parts to reduce friction, 
vibration, and temperature. The length 
of time a machine retains proper operat- 
ing efficiency and accuracy depends on 
proper bearing selection, installation and 
handling, and maintenance procedures. 
Bearings are available with many special 
features, but all incorporate the same 
basic parts. 


Bearing Loads 


Bearings may be subjected to radial, axial 
(thrust), or a combination of radial and 
axial loads. A radial load is a load applied 
perpendicular to the rotating shaft, straight 
through the ball toward the center of the 
shaft. For example, a rotating shaft resting 
horizontally on, or being supported by, a 
bearing surface at each end has a radial load 
due to the weight of the shaft itself. See Fig- 
ure 15-1. In a radial load, the shaft should 
have negligible end-to-end movement. 

An axial load, or thrust load, is a load 
applied parallel to the rotating shaft. A 
rotating vertical shaft has an axial load 
due to the weight of the shaft itself. Com- 
bination radial and axial loads occur when 
both types of loads are present. The shaft 
of a fan blade is supported horizontally 
(radial load) and is pulled or pushed (axial 
load) by the fan blade. These loads can 
be transferred to the motor shaft through 
the coupling. 


Rolling-Contact Bearings 


A rolling-contact bearing, or antifriction 
bearing, is a bearing that contains rolling 
elements that provide a low-friction sup- 
port surface for rotating or sliding surfaces. 
Rolling-contact bearings are normally 
manufactured with balls or rollers. See 
Figure 15-2. The rollers may be cylindri- 
cal, tapered, spherical, or needle. 
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Figure 15-1. Bearings may be subjected to 
radial, axial (thrust), or a combination of radial 
and axial loads. 
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Rolling-Contact Bearings — 
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Figure 15-2. Rolling-contact bearings are normally manufactured with balls or rollers. 


Rolling-contact bearings include ball, 
roller, needle, and tapered bearings. A bail 
bearing is a rolling-contact bearing that 
permits free motion between a moving part 
and a fixed part by means of balls confined 
between inner and outer rings. A roller 
bearing is a rolling-contact bearing that 
has parallel or tapered steel rollers confined 
between inner and outer rings. A needle 
bearing is arolling-contact roller-type bear- 
ing with long rollers of small diameter. The 
rolling-contact bearing categories may be 
further divided into more specific designs 
or configurations. 

Rolling-contact bearings are designed to 
roll on a film of lubricant that separates the 
metal components. Rolling-contact bearings 
reduce lubrication requirements and decrease 
starting and operating friction. Reduced fric- 
tion results in less power required to rotate 
mechanical components and an increasc in 
overall efficiency of the motor. 


Rolling-Contact Bearing Construction. 
Rolling-contact bearings are constructed of 
an outer ring (cup), balls or rollers, and an 
inner ring (cone). The inner ring is generally 
pressed on a shaft with a tighter fit than the 
outer ring. A race is the bearing surface of 
a rolling-contact bearing that supports the 
rolling elements. Rolling-contact bearings 
are available scparately or pre-installed in a 
housing. Common housings include pillow 


blocks, flanges, adjustable flanges, rubber 
cartridges, take-up units, and hanger units. 

Needle bearings contain an outer ring 
(cup) and rollers. The rollers are retained 
in a cage and bear directly on the rotating 
shaft. Bearing precision and cost is deter- 
mined by the smoothness of the ground 
surfaces (grade of finish) and the quality 
of tolerances. Better finishes produce less 
friction, lower temperatures, smoother 
movements, and longer bearing life, but 
usually cost more. 

Additional bearing components include 
cages, separators, and snap rings. A cage 
is used to hold the balls or rollers in place. 
Bearing designs are open for lubrication 
injection, or sealed to hold lubricant for the 
life of the bearing. Seals are used to retain 
lubrication as well as prevent contamination 
from dust, dirt, or other solids. Snap rings 
allow the bearing to be inserted into a hous- 
ing and held at a certain depth. 


Ball Bearings. A ball bearing is a rolling- 
contact bearing that permits free motion 
between a moving part and a fixed part by 
means of hardened balls confined between 
inner and outer rings. Ball bearings are 
selected based on the application of the 
bearing. Ball bearings may be designed for 
light or heavy loads, radial or axial loads (or 
combination of each), and harsh or clean 
environments. General-use ball bearings 


_ Definition 


A ball bearing is a roll- 
ing-contact bearing that 
permits free motion be- 
fween a moving part and 
a fixed part by means of 
balls confined between 
inner and outer rings. 


A roller bearing is a 
rolling-contact bear- 
ing that has parallel 
or tapered steel rollers 
confined between inner 
and outer rings. 


A needle bearing is an 
rolling-contact roller- 
type bearing with long 
rollers of small diameter. 


A race is the bearing sur- 
face of a rolling-contact 
bearing that supports the 
rolling elements. 
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finition 


A Conrad bearing is a 
single-row ball bearing 
that has races that are 
deeper than normal. 


A roller bearing is a 
rolling-contact bearing 
that has cylinder-shaped 
or tapered steel rollers 
confined between an 
outer ring (cup) and an 
inner ring (cone). 


A cylindrical roller 
bearing is a roller 
bearing having cylinder- 
shaped rollers. 


A tapered roller bearing 
is a roller bearing hav- 
ing tapered rollers. 


are designed as single-row radial, single- 
row angular-contact (axial), or double-row 
radial or axial based on the direction of 
applied force. See Figure 15-3. A Conrad 
bearing is a single-row ball bearing that has 
races that are deeper than normal. Conrad 
bearings allow for axial and radial loads. 
Installing Conrad bearings in the wrong 
direction results in immediate damage. 
Double-row bearings, also known as 
duplex bearings, are matched pairs of 
angular-contact bearings. They can be 
used with heavy radial and thrust loads in 
both directions. Double-row bearings are 
designed as matched sets and are identi- 
fied based on their configuration, such as 
back-to-back or face-to-face. Two single- 
row bearings should never be used when 
replacement requires the use of double-row 
bearings. Pairing unmatched single-row 
bearings adversely affects shaft rotation. 


Roller Bearings. A roller bearing is a 
rolling-contact bearing that has cylinder- 
shaped or tapered steel rollers confined be- 
tween an outer ring (cup) and an inner ring 


OUTER RACE 


OUTER RING 


BACK SIDE 
(RECEIVES THRUST) 


HIGH 
SHOULDERS 


INNER RING 
(CONE) 


INNER RING 
(CONE) 


(cone). See Figure 15-4. Roller bearings are 
designed for loads and applications similar 
to those of ball bearings. Roller bearings are 
designed for heavy radial and axial loads. Cy- 
lindrical rollers are used for radial loads and ta- 
pered rollers are used for radial and axial loads. 
Roller bearings are precision devices and must 
be kept clean and handled with care. 

A cylindrical roller bearing is a roller 
bearing having cylinder-shaped rollers. Cylin- 
drical roller bearings are also known as radial 
roller bearings. Cylindrical roller bearings are 
used in high-speed, high-load applications and 
may contain as many as four rows of rollers. 
These bearings have a high radial load capac- 
ity but are not designed for axial loads and 
cannot tolerate misalignment. 

A tapered roller bearing is aroller bearing 
having tapered rollers. Tapered roller bearings 
are normally used for heavy radial and adjust- 
able axial loads. Tapered roller bearings are 
available in more than 20 configurations from 
many different manufacturers. The different 
tapered roller bearings are generally inter- 
changeable and may be cross-referenced. 


OUTER RING 


LINE OF FORCE 
PERPENDICULAR TO 
AXIS OF SHAFT 


ROTATION LINES OF FORCE 


AT ANGLE TO AXIS 
OF SHAFT ROTATION 


HIGH 
SHOULDER 


HIGH 
SHOULDER 


Figure 15-3. General-use ball bearings are designed as single-row radial, single-row angular-contact (axial), or double-row 
radial or axial based on the direction of applied force. 
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Figure 15-4. Roller bearings have steel rollers confined between an outer ring (cup) and an 


inner ring (cone). 


Needle Bearings. A needle bearing is a roller- 
contact roller-type bearing with long rollers 
of small diameter. Needle bearings, similar 
to cylindrical roller bearings, are chosen for 
relatively high radial loads. Needle bearings 
are characterized by their rollers being of 
smali diameter compared to their length. The 
ratio of length to diameter may be as much 
as 10:1. Needle bearings are often used in ap- 
plications with limited space. Needle bearings 
normally have tightly packed rollers without 
separators or inner rings. Special needle bear- 
ings that are used for oscillating motion in 
aircraft elements may have separators with 
inner rings. Needle bearing cases may have 
machined surfaces or be drawn and formed 
for roller retention. Needle bearings are 
generally press fit. A firm, even, and square 
press during installation prevents damage to 
the bearing case. 


Friction Bearings 

A friction bearing is a bearing consisting of a 
stationary bearing surface, such as machined 
metal or pressed-in bushings, that provides 
a low-friction support surface for rotating or 
sliding surfaces. See Figure 15-5. Friction 
bearings are also known as plain bearings or 
sleeve bearings. Friction bearings commonly 
use lubricating oil to separate the moving 
component from the stationary bearing 
surface. Friction bearing surfaces normally 
consist of a material that is softer than the sup- 


ported component. This allows foreign matter 
toembed in the bearing material. This prevents 
the spreading of the foreign matter throughout 
the lubrication system. Friction bearings can 
conform to slightly irregular mating surfaces. 
Friction bearings may be integrally machined, 
one-piece sleeve, or split sleeve. 

Large motors can be equipped with sleeve 
bearings. Large sleeve bearings are split 
along horizontal lines running parallel with 
the shaft. After installation they are coated 
with a dye called bluing. The high spots in 
the bearings are machined out so that the 
entire bearing surface contacts the shaft. An 
oil reservoir supplies lubricant. Even though 
the shaft is lubricated, friction opposes the 
rotation and causes energy losses. 

Friction bearings are used in areas of 
heavy loads where space is limited. Friction 
bearings are quieter, less costly, and, if kept 
lubricated, have little metal fatigue com- 
pared to other bearings. Friction bearings 
may support radial and axial (thrust) loads. 
In addition, friction bearings can conform to 
the part in contact with the bearing because 
of the sliding rather than rolling action. This 
allows the friction bearing material to yield 
to any abnormal operating condition rather 
than distort or damage the shaft or journal. 
A journal is the part of a shaft that moves in 
a friction bearing. The sliding motion of a 
shaft or journal is generally against a softer, 
lower-friction bearing material. 


) Definition 


A needle bearing is a 
roller-contact roller-type 
bearing with long rollers 
of small diameter. 


A friction bearing is a 
bearing consisting of a 
Stationary bearing sur- 
face, such as machined 
metal or pressed-in 
bushings, that provides 
a low-friction support 
surface for rotating or 
sliding surfaces. 
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Figure 15-5. Friction bearings provide a low-friction support surface for rotating surfaces. 


Definition _ 


A babbitt metal is an 
alloy of soft metals such 
as copper, tin, and lead, 
and a hardening mate- 
rial such as antimony. 


The service life of a friction bearing 
depends on the surface condition of the 
shaft. A shaft with nicks, gouges, scratches, 
or rough machine marks wears a friction 
bearing rapidly. In addition, a shaft that is 
ground too fine does not allow lubricant 
retention and wears once the lubricant is 
squeezed out. 


Friction Bearing Materials. Special ma- 
terials, or combinations of materials, must 
be selected for friction bearings because of 
the momentary metal-to-metal contact that 
occurs during shaft stopping and starting. 
Friction bearing material must be corro- 
sion- and fatigue-resistant, able to handle 
running loads and thermal activity, and 
compatible with other materials used. See 
Figure 15-6. 

Babbitt metals are usually the best 
metals for friction bearing loads. A bab- 
bitt metal is an alloy of soft metals such 
as copper, tin, and lead, and a hardening 
material such as antimony. Copper-leads, 
bronze, and aluminum base metals are used 
for friction bearings requiring increased 


load-carrying capacities. Babbitt metals 
are used in a thin layer over a steel support 
for heavy commercial applications, such as 
armature bearings used in hand drills. 


Friction Bearing Materials 
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Figure 15-6. Special materials must be used 
for friction bearings because of the momentary 
metal-to-metal contact that occurs. 


Bearing hardness must also be considered 
in addition to operating conditions. Normal 
wear and scoring must take place on the less 
costly bearing surface, not on the surface of the 
shaft orjournal. For this to occur, friction bear- 
ings must be at least 100 Brinell points softer 
than the shaft or journal. A Brinell hardness 
test measures the hardness of a metal or alloy 
by hydraulically pressing a hardened steel ball 
into the metal to be tested and then measuring 
the area of indentation. The Brinell hardness 
number is found by measuring the diameter of 
the indentation and finding the corresponding 
hardness number on a calibrated chart. 


Bearing Selection 


No universal bearing exists that can do all 
of the functions and applications required in 
industry. See Figure 15-7. In many cases, a 
review of the machine function and its bearing 
requirements may indicate if proper bearings 
are being used. Bearings are often selected 
without the use of manufacturer’s specifica- 
tions. Certain factors other than dimensions 
must be observed when a replacement bearing 
is chosen by comparison of a removed bearing 
instead of from an equipment manual or parts 
book. Factors to be considered include the 
exact replacement part number, the type and 
position of any seal. the direction of force and 
positioning of a required high shoulder, and 
whether a retaining ring is required. 


Bearing Selection 
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Provisions made for thermal expansion 
within a machine are generally published by 
the machine manufacturer and are listed as 
space tolerances between housing, bearing 
components, and shaft. Greater space toler- 
ances are allowed for friction bearings than 
for rolling-contact bearings because friction 
bearings are more susceptible to damage 
from higher temperatures. 


BEARING INSTALLATION 


Successful bearing installation requires clean- 
liness, correct bearing selection, mounting 
methods, tool use, and tolerance specifica- 
tions. Proper bearing assembly is required for 
proper bearing performance, durability, and 
reliability. More bearings fail because of poor 
installation practices than from malfunction 
during their useful life. Bearings can easily be 
damaged by force, dirt, or misalignment. 


Parts Preparation 


When a bearing has been removed and taken 
apart for maintenance, the parts should be 
cleaned and spread out on a clean surface 
for inspection. Cleaning is accomplished 
by dipping or washing the housing, shaft, 
bearing, spacers, and other parts in a clean, 
nonflammable cleaning solvent. All traces 
of dirt, grease, oil, rust, or any other foreign 
matter must be removed. 


Ruud Lighting 


Figure 15-7. The requirements for bearings are different, depending on the environment. 
Some bearings must be able to withstand harsh industrial use, while others operate in clean 


environments. 
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Definition 


Press fit is a bearing 
installation wherë the 
bore of the inner rotating 
ring is smaller than the 
diameter of the shaft 

and considerable force 
must be used to press the 
bearing onto the shaft. 


Push fit is a bearing 
installation where the di- 
ameter of the outer fixed 
ring is smaller than the 
diameter of the bearing 
housing and the ring can 
be pushed in by hand. 


Caution should be taken when using 
part-cleaning solutions. Seals, O-rings, and 
other soft materials may deteriorate due to 
incompatibility. The cleaning solution label 
should be checked before use. If in doubt, 
a lightweight, warm mineral oil is a good 
cleaning and flushing fluid. Care should be 
taken to clean housing and shaft bearing 
seats, corners, and keyways. 

All parts should be wiped with a clean 
towel soaked in lightweight oil and then 
wrapped or covered to protect them from 
dust and dirt. All parts need to be inspected 
for nicks, burrs, or corrosion on shaft seats, 
shoulders, or faces. All bearing components 
should be inspected for indication of abnor- 
mality or obvious defects, such as cracks 
and breaks. 

Any nieks, corrosion, rust, and scuffs 
on shaft or housing surfaces should be 
removed. All corners and bearing seats 
should be square and all diameters must 
be round, in tolerance, and without runout. 
Any worn spacers, shafts, bearings, or 
housings must be replaced. The housing 
shoulder must be square enough to clear 
the bearing corner. 


Bearing Mounting 


Bearing mounting procedures affect the 
performance, durability, and reliability of 
the motor, Precautions should be taken to al- 
low a bearing to perform without cxcessive 
temperature rise, noise from misalignment 
or vibration, and shaft movements. Bear- 
ings are mounted with one rotating ring 
installed as a press fit over the shaft and the 
other rotating ring installed as a push fit in 
the bearing housing. Press fit is a bearing 
installation where the bore of the inner 
rotating ring is smallcr than the diameter 
of the shaft and considerable force must 
be used to press the bearing onto the shaft. 
Push fit is a bearing installation whcre the 
diameter of the outer fixed ring is smaller 
than the diameter of the bearing housing and 
the ring can be pushed in by hand. 

During a press-fit installation, force 
must be applied uniformly on the face 
or ring that is to be press fit. This can be 


- 


accomplished by using a piece of tubing, 
steel plate, and a hammer or an arbor press. 
See Figure 15-8. Wood should not be used 
because of the possibility of contaminating a 
bearing with wood splinters or fibers. A push 
fit allows the outer ring to be slid into the 
bearing housing by hand. With some heavy- 
duty cylindrical roller bearings, the extra 
loads require that both rings be press fit. 

Bearings that are designed for thrust loads 
must be installed in the correct direction 
to prevent the load from separating the 
bearing components. These bearings have 
a face and back side for ease in identify- 
ing the thrust direction. The back side 
receives the thrust and is marked with the 
bearing number, tolerance, manufacturer, 
and, in some cases, the word “thrust.” 
Rolling-contact bearings must be firmly 
mounted so endplay and shaft expan- 
sion and contraction due to temperature 
ehanges is minimized. 


Heating and Cooling. Bearings can be 
mounted by heating (expanding) or cooling 
(shrinking) the bearing, depending on the ap- 
plication. Heating the inner ring of a bearing 
increases the size of the bearing, allowing it 
to slip over a shaft. See Figure 15-9. Cool- 
ing the outer ring of a bearing reduces the 
size of the bearing, allowing it to fit inside 
a housing. 

Heating bearings may be accomplished 
using a light bulb, an oven, clean hot oil that 
has a high flash point, a hot plate, or induc- 
tion heat. The light bulb, oven, and induc- 
tion heating methods are reliable because 
their temperature is easy to control. A hot 
oil bath is the best heating method because 
it provides even and controlled hcating of 
the bearing. 

The light bulb heating method is easy 
and economical. This method uses a light 
bulb placed in the bore of a bearing to pro- 
vide heat to increase the diameter of the 
bearing. The tempcrature is controlled by 
the length of tirne the bulb is placed in the 
bearing. This method works well because 
the inner ring is the only component to be 
brought to high heat, allowing handling and 
assembly using the outer ring. 


Bearing Mounting 
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Figure 15-8. Uniform force must be applied on the face that is to be press fit with a piece of 
tubing, steel plate, and hammer, or with an arbor press. 


Temperatures must be even throughout 
the inner bearing ring and controlled up 
to about 200°F. Torches heat unevenly, 
distort diameters, and must not be used. 
Temperatures over 250°F may reduce the 
hardness of bearing metals, resulting in 
early failure. Bearing temperatures may be 
determined using thermal crayons, which 
melt at specific temperatures. Induction heat- 
ers, operating electrically and rapidly, leave 
metals magnetized and may cause problems. 
Small metal particles are drawn to the assem- 
bly if bearings are not demagnetized. 

Freezing may be required to reduce 
the outside diameter of a bearing to allow 
installation into a housing when heating 
methods are not possible. Prelubricated 
bearings must not be heated for installation. 
Freezing causes shaft sizes to be reduced to 
allow installation of prelubricated bearings. 
Liquid nitrogen or a mixture of dry ice and 
alcohol can be used to lower the temperature 
of abearing or shaft. Condensation forms on 


bearings in areas where ambient conditions 
are humid. Corrosion is prevented if the con- 
densate is wiped or blown off after assembly, 
followed by thorough lubrication. Corrosion 
should not be a problem if components were 
lightly oiled before freezing. 
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Figure 15-9. Heating the inner ring of a bear- 
ing increases the size of the bearing, allowing 
it to slip over a shaft. 
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A grease fitting is a 
hollow tubular fitting 
used to direct grease to 
bearing components. 


A pressure cup is a pres- 
surized grease reservoir 
that provides constant 

lubrication to a bearing. 


Precautions During Mounting. Bearings 
must be installed properly to ensure proper 
life and service. Precautions that must be 
taken when mounting bearings include 
the following: 

e Know the bearing function in a machine. 


e Keep all bearings wrapped or in the 
original sealed container until ready to 
use. Reusable bearings should be treated 
as new. 


Maintain clean tools, hands, and work sur- 
face, and work in a clean environment. 


Use clean, lint-free cloths when wiping 
- bearings. 


Never attempt to remove the rust preven- 
tive compound used by the manufacturer 
unless specifically recommended. 


Use the best bearings available within 
reason. The life and reliability of a bear- 
ing is generally related to its cost. 


Always follow the instructions of the 
heating equipment manufacturer when 
bearings are to be heated for assembly. 


Use rings, sleeves, or adaptors that provide 
uniform, square, and even movernents. 


Prevent coeking during bearing installa- 
tion by starting races evenly on the shaft 
without pressure devices. 


Never strike the bearing with a wooden 
mallet or wooden block. 


Never apply pressure on the outer ring 
if the inner ring is press fit. 


Never apply pressure on the inner ring 
if the outer ring is press fit. 


Be careful not to abuse, strike, force, 
press on, scratch, or nick bearing seals 
or shields. 


BEARING OPERATION 


After a bearing is installed on a motor, the 
bearing must be lubricated and tested. Many 
smaller bearings are factory sealed and 
should not be lubricated. Motors are normal- 
ly lubricated at the factory to provide long 
operation under normal service conditions 
without relubrication. Excessive and fre- 
quent lubrication can damage a motor. The 


time period between lubrications depends 
upon the motor’s service conditions, its am- 
bient temperature, and its environment. 


Lubrication 


The lubrication instructions provided 
with the motor should always be fol- 
lowed. These instructions are usually 
listed on the nameplate or terminal box 
cover. Alternately, there may be separate 
instructions furnished with the motor. 
If lubrication instruetions are not avail- 
able, relubricate sleeve bearings and ball 
bearings according to a set schedule. See 
Figure 15-10. 

Friction and rolling-contact bearings 
normally require periodic lubrication to 
prevent premature failure. Sealed bear- 
ings do not require lubrication. Many 
bearings are fitted with a shield that helps 
to contain the grease inside the bearing. 
Shielded bearings require regular lubri- 
cation, and dirt can enter the bearing by 
going around the shield. Deviccs used 
for lubricating bearings include grease 
fittings, pressure cups, oil cups, and oil 
wicks. See Figure 15-11. 

A grease fitting is a hollow tubular 
fitting used to direct greasc to bearing 
components. The head of the grease fitting 
is designed to open when a grease gun is at- 
tached and close when it is removed. Grease 
fittings are available with different head 
designs and configurations to provide easy 
access during lubrication. Grease fittings 
are attached to a bearing housing by a pipe 
thread. The pipe thread provides a sealed 
connection betwecn the bearing housing 
and the grease fitting. 

A pressure cup is a pressurized grease 
reservoir that provides constant lubrica- 
tion to a bearing. A pressure cup consists 
of a grease reservoir with an internal 
spring and pressure plate. As grease is 
pumped into the reservoir, the spring 
is compressed and the pressure plate is 
pushed toward the top of the cup. During 
bearing movement, grease is forced into 
the bearing components by pressure from 
the compressed spring. 
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Figure 15-10. Bearings should be lubricated according to a set schedule. 


lubrication Devices _ 
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Figure 15-11. Devices used for lubricating bearings include grease fittings, pressure cups, oil cups, and oil wicks. 
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‘Definition _ 


An oil cup is an oil 
reservoir located on 

a bearing housing to 
provide lubrication to a 
bearing. 


An oil cup is an oil reservoir located on 
a bearing housing to provide lubrication 
to-a bearing. Oil cups rely on gravity to 
feed the lubricant through a direct pas- 
sage to the bearing. Lubrication continues 
as long as there is a supply of oil in the 
reservoir. Some oil cups have an oil wick 
that serves as a conduit for oil from the oil 
cup to the bearing surface. The flow of oil 
from the cup is regulated by the maximum 
flow allowed through the oil wick mate- 
rial. This provides a controlled flow of 
lubricant to bearing components over an 
extended period of time. To prevent con- 
taminants from entering the lubrication 
system, the tools and grease fittings or 
oil cups should be cleaned before adding 
the lubricant. 

Friction bearings usually require a 
light film of oil to operate properly. The 
endbell contains a lubrication tube and 
wicking material. Lubricant is dropped 
down the lubrication tube to saturate a 
wick. The wick is located in the bearing 
sleeve so that it can transfer a light film 
of oil to the bearing and shaft. Other 
types of sleeve bearings are made of 
porous metal that absorbs oil to be used 
to create a film between the bearing and 
the shaft. 

It is important that the lubricating tube 
points up to make sure that gravity pulls 
the oil down to the wick. If the lubricating 
tube is pointing down, the oil will flow 
away from the wick. When the wick dries 
out, the lubricant will not reach the bearing 
and shaft. This causes overheating and the 
shaft can seize to the bearing. 


Oil Seals. An oil seal is a device used to 
contain oil inside a housing. Oil seals are 
designed to close spaces between moving 
and stationary components in mechanical 
systems. Oil seals extend bearing life by 
keeping the oil in the bearing and sealing 
out foreign matter, providing protection 
from abrasive materials, moisture, lack 
of lubrication, and other harmful ele- 
ments. Oil seal components include the 
outer case, inner case, lip, and spring. See 
Figure 15-12. 
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The outer case of an oil seal is made of 
metal and provides structural support for the 
oil seal. The diameter of the outer case is 
slightly larger than the bore into which the 
oil seal fits. This size difference provides 
a tight fit in the housing. The inner case is 
used with larger-diameter seals to provide 
extra rigidity to the oil seal, but provides no 
sealing capabilities. An oil seal lip contacts 
the moving part of the equipment to prevent 
material from passing by the oil seal. The lip 
provides the actual seal to the shaft. Some 
seals use a spring to provide extra contact 
to the shaft. 


THREE 
LIPS 


TRIPLE-LIP 


Figure 15-12. Oil seal components include the 
outer case, inner case, lip, and spring. 


Oil seal lip material includes synthetic 
materials, leather, and felt. Most general- 
purpose seals have a synthetic lip molded 
directly to the metal case on the inside 
or outside diameter. Synthetic general- 
purpose seals may have up to three sealing 
lips, depending on the application. The 
flexible synthetic lip may be spring-loaded 
or springless. The lip is designed to work 
like a squeegee, wiping oil from the shaft 
and preventing it from escaping. The lip 
also prevents contaminants from entering 
the bearing. The springless single-lip 
seal is considered a grease seal because 
it retains thick lubricants but leaks if used 
with thin lubricants and high pressures. 
Oil seals located in dirty environments 
require double or triple lips to provide 
extra protection for the bearing. 


Oil Seal Installation. Oil seals are com- 
monly installed next to a bearing on the 
outside of a housing. See Figure 15-13. The 
oil seal outside diameter is usually larger 
than the bearing outside diameter, allowing 
the seal to seat against a recess when it is 
pressed into the housing. The recess pro- 
vides a press fit for the seal and also keeps 
the seal from touching the bearing. 

Correct installation of an oil seal ensures 
proper performance. The lip of an oil seal 
must be lubricated before installing the seal 
to allow it to slide during installation. The 
same oil used in the motor bearing is used 
to lubricate the lip to prevent mixing of 
oils. The seal outside diameter and housing 
bore must remain clean and dry, providing a 
leakproof fit. The oil seal outside diameter 
should also be coated with a bore sealant 
before installation. 

Hammering an oil seal normally results 
in a leaky seal. The proper installation tools 
should be used when installing oil seals. 
See Figure 15-14. Oil seal installation 
tools apply force evenly and at the correct 
location on the seal. A variety of installation 
tools are available for specific applications, 
such as proper positioning and installation 
over a shaft. A piece of steel or heavywall 
plastic tubing may also be used as an oil 
seal installation tool. 
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Figure 15-13. Oil seals are commonly installed next to a bearing on the 
outside of a housing. 
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Figure 15-14. Installation tools should be used when installing oil seals. 
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An oil seal lip must also be protected 
when being installed over a shaft. Sharp 
edges ona shaft damage the lip and must be 
removed. A cone-shaped installation tool, 
a sleeve with smooth rounded corners, or 
piece of shim stock rolled in the shape of a 
cone can be used when installing a seal over 
the end of a shaft. Keyways on shafts can 
also damage oil seals. A sleeve is commonly 
used to cover the keyed area protecting the 
seal as it is slid on the shaft. 


Improper Lubrication. Improper lubrica- 
tion is a major cause of bearing failure. Im- 
proper lubrication includes underlubrication, 
overlubrication, lubricant contamination, and 
mixing lubricants. A bearing that experiences 
Starvation experiences wear immediately. 
If the bearing is underlubricated, the metal 
surfaces touch, causing rapid failure. 
Bearings must be prelubed to ensure lu- 
bricant is present during initial startup. New 
bearings are generally 3 to ¥% filled with 
grease. This is their normal operating level. 
A common mistake when greasing a bear- 
ing is to add too much grease. This causes 
overheating and damages the bearing. The 
overheating is caused when the rollers must 
force their way through the excess grease that 
is packed into an overlubricated bearing. 
Contamination of the lubricant can also 
reduce the effectiveness of the lubricant. 
Common lubricant contaminants include 
water and dirt. Lubricant contaminated with 
dirt subjects moving components to aconstant 
flow of abrasives. Water gives the oil a milky 
appearance and causes bearing components 
to rust, increasing friction and causing even- 
tual bearing failure. Sources of water may be 
condensation and environments with high 
humidity. Periodic oil changes are necessary 
to ensure that the bearing has pure lubricant. 


Contamination 


Contamination causes many bearing fail- 
ures. Dirt or other impurities can enter a 
bearing during operation, lubrication, and/or 
assembly. Dirt is very abrasive to bearing 
components and causes premature failure of 
the bearing. Dirt is also a poor heat conductor, 


which reduces the ability of a lubricant to 
conduct heat away from the bearing. Bear- 
ings located inside a gearbox may have dirt 
and metal chips introduced during manufac- 
turing or rebuilding. During operation, the 
bearing may be subjected to dirt from the 
surrounding environment. Poor bearing seals 
allow dirt and other contaminants to enter the 
bearing components. Bearings located inside 
acrankcase may also be contaminated during 
operation due to leaky gaskets. Replace 
leaking gaskets or seals immediately. 

Dirt can contaminate a bearing during lu- 
brication because oily or greasy areas such as 
oil cups and grease fittings attract and gather 
dirt and dust. Dirt large enough to damage 
a bearing can be invisible to the naked eye. 
Bearing life is extended by using a lint-free 
rag and keeping visible dirt away from lubri- 
cants. This dirt must be removed from the 
fitting before the bearing is lubricated because 
the dirt mixes with the lubricant and enters the 
bearing. Lubrication tools and fill caps located 
on gearboxes must also be cleaned before any 
lubricant is added or checked. For example, 
the tip of a grease gun collects dirt when notin 
use and should be cleaned before it is placed 
on a grease fitting. 

Dirt may also enter a bearing during 
assembly. Care should be taken to not 
contaminate the bearing, seals, or gearbox 
during assembly or rebuild operations. Bear- 
ing journals must also be free of dirt before 
the bearing is put into position. Dirt lodged 
behind a bearing can cause misalignment, 
an isolated pressure point, and incorrect 
location. During assembly, hands, bearings, 
seals, and gearboxes must be clean and work 
must be performed in a clean environment. 
Bearing surfaces should not be touched 
with bare hands because hands can contain 
enough oil and dirt to cause damage. 


Machine Run-In 


A machine run-in check should be made after 
bearing assembly is complete. A run-in check 
starts with a hand check of the torque of the 
shaft. For safety reasons, the power must be 
locked out when manually rotating a shaft. 
Unusually high torques normally indicate 
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a problem with a tight fit, misalignment, or 
improper assembly of machine parts. Restore 
machine power and listen for unusual noises. 
High noise levels may indicate excessive load- 
ing or cocked or damaged bearings. The prob- 
lem must be corrected before continuing. 
Final checks are accomplished by mea- 
suring machine temperatures. High initial 
temperatures are common because bearings 
are packed with grease, which can produce 
excess friction when the motor is first started. 
Run-in temperatures should decrease to 
within recommended ranges. Any machine 
with temperatures that continue to run high 
should be corrected before proceeding. 
Continued high temperatures are generally 
a sign of tight fit, misalignment, or improper 
assembly. After a machine is placed back in 
operation, record motor amperage readings 
and bearing temperature for proactive and 
predictive maintenance procedures. 


BEARING REMOVAL 


Proper tools and maintenance procedures 
are required when removing bearings. Many 
bearing failures are due to contaminants that 
have worked their way into or around a bear- 
ing before it has been placed in operation. 
Work benches, tools, clothing, wiping cloths, 
and hands must be clean and free from 
dust, dirt, and other contaminants. Internal 
abrasive particles permanently indent balls, 
rollers, and raceways. This alters the shape 
of the surface and begins bearing erosion. 
Bearing tolerances are such that a solid par- 
ticle of a few thousands of an inch (0.001” 
to 0.003”) lodged between the housing and 
the outer ring can distort raceways enough 
to reduce critical clearances. 

Bearing removal is more difficult than 
bearing installation. A firm, solid contact 
must be made for bearing removal. Bearings 
should always be removed from a shaft with 
even pressure against the ring that was press 
fit. Bearings are removed from shafts using 
bearing pullers, gear pullers, arbor presses, 
or manual impact. These methods enable 
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easy bearing removal and reduce the dam- 
age to the bearing. See Figure 15-15. 


Figure 15-15. Bearings are removed from shafts using bearing pullers, gear 
pullers, arbor presses, or manual impact. 
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Definition 


Surface reaction is 
damage to bearing sur- 
faces caused by chemi- 
cal or electrochemical 
reactions between the 
lubricant and the metal 
of the bearing. 


Spalling is general 
wear of rolling contacts 
where metal pieces 
flake away the surfaces 
in contact, leaving a 
roughened surface. 


The location of each part should be marked 
when disassembling a bearing housing assem- 
bly so each part can be reassembled the way 
it was originally positioned. Extreme caution 
must be taken to prevent damage to any bear- 
ing part. Most damage during removal goes 
unnoticed. The use of a hammer and chisel to 
pry a bearing off of its shaft usually results in 
damage and contamination. Any bearing that 
was difficult to remove should be discarded 
because it probably was damaged during 
removal. Bearing damage is possible if the 
wrong puller or removal method is used. 


Bearing Failure Analysis 

Bearing service life may be shortened for 
many reasons. The load may be too heavy, 
alignment may be poor, installation pro- 
cedures may have been improper, or the 
environment around the machinery may be 
excessively dirty. Whatever the reason for 
a bearing failure, the type of damage done 
to the bearing provides an indication as to 
the cause of its damage. In many cases, it is 
possible to examine a damaged bearing to 
determine the cause of failure. Identifying 
the cause of the bearing failure is useful in 
taking corrective action to prevent recur- 
ring failure. Examining a damaged bearing 
is most reliable when damage or wear is at 
an early stage. Conditions providing clues 
when analyzing bearing failure include 
surface reaction, spalling, Brinell damage, 
false Brinell damage, excessive temperature 
damage, fretting corrosion, misalignment 
wear, or thrust damage. 


Surface Reaction. Surface reaction is 
damage to bearing surfaces caused by chem- 
ical or electrochemical reactions between 
the lubricant and the metal of the bearing. 
Surface reaction is caused by chemical 
reactions, oxide buildup, or electric current 
damage. It can result in bearing failure by 
gradually eroding the bearing surfaces. 
Chemical corrosion is caused by reactions 
between lubricants, materials, and moisture. 
These reactions create fluids and vapors that 
are extremely acidic and erode the surface 
of the bearing. 


Oxide buildup is caused by the pres- 
ence of moisture on the bearing surfaces. 
The moisture creates surface rust, which 
flakes off, reducing bearing dimensions. 
The reduced dimensions of the bearing 
components provide slop, which allows 
the bearing and shaft to move and vibrate 
until failure. Moisture can exist due to 
leaky seals and gaskets, rapid changes in 
temperatures, and disuse. Electric motors, 
generators, welding equipment, and electri- 
cal components can cause electric current 
to pass through the bearing. 


Spalling. Spalling is general wear of rolling 
contacts where metal pieces flake away the 
surfaces in contact, leaving a roughened 
surface. See Figure 15-16. Overloading 
is a common cause of spalling. A ball or 
roller that is under a load and rolls over a 
bearing race momentarily distorts the metal 
of the ball or roller and race. This distortion 
or flexing occurs nearly 18 million times 
a week when a motor runs 24 hours a day 
for 7 days a week if the bearing is rotating 
at 1750 rpm. If the load exceeds the design 
load, permanent microscopic fractures form 
and the bearing begins to spall. 
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Figure 15-16. Overloading is a common cause 
of spalling. 


Brinell Damage. Brinell damage is bearing 
damage where applied force exceeds the yield 
strength of the surface and presses the balls 
into the surface to cause indentations. It results 
in indentations in the surface that are spaced 
the same as the distance between the balls. 
This can happen when a hammer is used to 
install the bearing, the bearing is dropped, or 
the bearing is pressed onto the shaft by ap- 
plying force to the non-rotating ring. Brinell 
damage is often first noticed by increased 
noise in the bearing. See Figure 15-17. 
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Figure 15-17. Brinell damage results in inden- 
tations in the surface that are spaced the same 
as the distance between the balls. 


False Brinell Damage. False Brinell damage 
is bearing damage caused by vibration or other 
forces that move one ring relative to another 
and cause axial elliptical indentations at ball 
positions when the bearing is not rotating. 
It occurs on poorly installed bearings and 
bearings that sit on shelves that vibrate or are 
roughly transported over distances without 
rotation. False Brinell damage is also caused 
by pressure applied to the ring that has a loose 
fit during bearing removal. The vibration and 
hammering on a non-rotating bearing causes 
marks or indentations on the race that are 
spaced the same distance apart as the balls or 
rollers. False Brinell damage can also occur 
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in motor bearings while the motor is being 
shipped as the motor bounces around on the 
truck. See Figure 15-18. 
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Figure 15-18. False Brinell damage occurs on 
poorly installed bearings and bearings that sit 
on shelves that vibrate or are roughly trans- 
ported over distances without rotation. 


Temperature Damage. Temperature dam- 
age is bearing damage caused by high tem- 
peratures in the bearing. As the temperature of 
steel increases, it discolors, turning from silver 
to blue to black. In addition, the hardness of 
steel decreases as the temperature increases. 
Bearings at higher temperatures deform more 
than bearings at lower temperatures, creating 
greater resistance and friction. The bearing 
metal may actually melt and permanently 
deform. Another sign that bearings have 
overheated is the presence of solid or caked 
lubricant. Greasc turns dark and brittle when 
it is heated to its dropping point, where the 
oil in the grease separates from the thickener 
and runs out, leaving just the thickener. This 
condition is created due to poor alignment, 
contaminated lubricant, overloading, or high 
speeds. See Figure 15-19. 


| Definition 


Brinell damage is 
bearing damage where 
applied force exceeds 
the yield strength of the 
surface and presses the 
balls into the surface to 
cause indentations. 


False Brinell damage is 
bearing damage caused 
by vibration or other 
forces that move one 
ring relative to another 
and cause axial elliptical 
indentations at ball posi- 
tions when the bearing is 
not rotating. 


Temperature damage is 
bearing damage caused 
by high temperatures in 
the bearing. 
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Figure 15-19. Temperature damage can cause melted and deformed metal. 


“Definition _ _ 


Fretting corrosion is the 
rusty appearance that 
results when two metals 
in contact are vibrated, 
rubbing loose minute 
metal particles that 
become oxidized. 


Misalignment wear is 
bearing damage that oc- 
curs when the two bear- 
ing rings are not aligned 
with one another and the 
rolling-contact points 
cause eccentric wear. 


Thrust damage is bear- 
ing damage due to axial 
force. 


Galling, or adhesive 
wear, is a bonding, 
shearing, and tearing 
away of material from 
two contacting, sliding 
metals. 


Fretting Corrosion. Fretting corrosion 
is the rusty appearance that results when 
two metals in contact are vibrated, rubbing 
loose minute metal particles that become 
oxidized. In many cases, fretting is anormal 
condition that appears as discoloration on 
the outer surface of the outer ring between 
the outer ring and the housing. This happens 
as moisture from the air settles between the 
two contacting and unprotected metal sur- 
faces. Fretting corrosion becomes harmful 
when the oxidation breaks down supporting 
wall surfaces, creating looseness. Fretting 
corrosion is also harmful as its oxidation 
particles (oxides) mix with and break down 
the bearing lubricant. See Figure 15-20. 
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Figure 15-20. Fretting corrosion appears as 
discoloration on the outer surface of the outer 
ring between the outer ring and the housing. 


Misalignment Wear. Misalignment wear 
is bearing damage that occurs when the 
two bearing rings are not aligned with one 
another and the rolling-contact points cause 
eccentric wear. Bearing surfaces that are 
misaligned appear as worn surfaces on one 
side or opposing sides of a bearing. Rollers 
in roller bearings can leave wear marks on 
one side of the bearing inner race. The roller 
may also show high and low trails on the 
inside of the outer race. Misalignment wear 
may also appear as lack of fretting on two 
sides of the outer surface of the outer ring. 
See Figure 15-21. 
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Figure 15-21. Bearing surfaces that are mis- 
aligned appear as worn surfaces on one side 
or opposing sides of a bearing. 


Thrust Damage. Thrust damage is bearing 
damage due to axial force. Thrust damage 
on ball bearings appears as marks on the 
shoulder or upper portion of the inner and 
outer race. The appearance can be vary 
from a slight discoloration to heavy galling. 
Galling, or adhesive wear, is a bonding, 
shearing, and tearing away of material from 
two contacting, sliding metals. The amount 
of galling is proportional to the applied load 
forces. Thrust damage on friction bearings 
appears as heavy wear at the bearing ends. 
See Figure 15-22. 


tech Fee eel 


The load capacity of friction bearings can 
greatly exceed the load capacity of rolling- 
contact bearings because of the increased 
surface area in contact with the shaft. 
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the machine to a pneumatic or water line. Definition 
WARNING: Never ground a machine by T 
connecting a wire from the machine toa pearing damage in the 
pipe containing flammable materials, such form of pits formed on 
as gas or oil. the balls or race caused 
Fluting is observed in roller bearings that by electrical discharge 
were rotating while welding currents passed #70ugh the bearing. 
through them. Fluting is the elongated and Fluting is the elongated 
rounded grooves or tracks left by the etching and rounded grooves or 
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Figure 15-22. Thrust damage on friction bear- 
ings appears as heavy wear at the bearing 
ends. 


Electrical Pitting and Fluting. Electrical 
pitting is bearing damage in the form of 
pits formed on the balls or race caused by 
electrical discharge through the bearing. This 
happens as current passes from its introduc- 
tion, such as electrical system feedback or 
welding currents, to a grounded connection. 
See Figure 15-23. When the current passes 
through bearings, the current can etch or pit 
bearing surfaces. Mild electrical currents 
may not etch the metal, but can create high 
enough temperatures as current transfers 
through the bearing to burn and break 
down lubricants. 

Welding current damage is observed as PITTING 
short, pitted lines on balls or rollers that 
were Stationary when the current was pres- 
ent. The race has corresponding damage, 
but this is not normally observed unless the 
bearing is destroyed. Electrical feedback 
created by certain forces throughout plant 
electrical usage, faulty wiring, and static 
electricity can be prevented from flowing 
through a machine if extra grounding is TheTinken Company 
provided. Extra grounding of a machine 
can be as simple as running a wire from Figure 15-23. Electrical pitting happens as current passes through a bearing. 
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Supplemental Topic 


Bearing Currents 


Bearing current is unintended current flow- 
ing through a motor bearing that causes 
motor bearings to fail because of electrical 
pitting and fluting. Bearing currents are 
caused by voltage induced into the bear- 
ing, housing, or shaft. A common source 
of the induced voltage is high-frequency 
adjustable-speed motor drives. 


Modern adjustable-speed drives switch at 
carrier frequencies up to about 20 kHz. The 
generated pulses have a high-voltage spike 
at the leading edge of the pulse. The spike 
represents a very high rate of change of the 
voltage, which induces a voltage potential on 
the rotor shaft relative to ground. One pos- 
sible path to ground from the rotor shaft is 
through the bearing and grounded stator. For 
example, bearing currents are common in 
ungrounded HVAC fan applications because 
the bearings are the only path for the voltage 
potential to discharge to ground. 


Bearing lubricants are insulators and 
therefore form a capacitor, separating the 
potential on the rotor shaft from the potential 
on the grounded siator. If the shaft volt- 
age becomes large enough, an electrical 
discharge across the lubrication gap goes 
through the lubricant and discharges the 
rotor voltage. After the discharge, the rotor 
shaft charges again and the cycle repeats. 


The discharge current through the 
bearings causes an electrostatic discharge 
machining (EDM) effect, eventually caus- 
ing bearing damage. This EDM causes 
pitting that develops into a grooved pattern 
called fluting. The fluting eventually causes 
spalling, which causes small flakes of metal 
to break loose and get trapped within the 
lubricant. This causes even more wear of 
the bearing. One of the first observable 
symptoms is increased noise as the bear- 
ing wears. In addition, the bearing current 
can burn or char the oil or grease, which 
causes further damage to the bearing from 
the loss of lubrication. 


Solutions to Bearing Current 
Problems 


There are several solutions to bearing 
current problems. Bearing currents are 
caused by a voltage difference between 

sthe rotor shaft and ground. Solutions 
include ways to reduce the induced 
voltage on the shaft and ways to bypass 
or break the conductive path through 
the bearing. 


The length of the leads from the 
drive to the motor affects the size of 
the voltage spikes. Longer leads cause 
larger spikes from line-to-line capaci- 
tance between the power lines. During 
moior installation, the shortest leads 
possible should be used. Shielded 
cable, such as low-impedance, corru- 
gated, aluminum-sheathed cable, can 
minimize the voltage spikes. If long 
leads cannot be avoided, inductive 
filters can often reduce the size of the 
voltage spikes. 


Electric motor manufacturers have 
developed grounding systems for mo- 
tor shafts that reduce or eliminate the 
bearing current. A grounding system of 
this type connects the rotor to ground 
through a brush or other device touching 
the shaft. This provides a low-impedance 
path to ground. However, this adds 
to maintenance costs because the 
grounding system brush needs to be 
inspected regularly. 


Another method to reduce or elimi- 
nate bearing currents is to lower the car- 
rier frequency of the adjustable-speed 
drive. Modern adjustable-speed drives 
switch at a carrier frequency up to about 
20 kHz to simulate the best possible 
sine wave and minimize motor heating. 
In most drives, the carrier frequency 
is programmable and can be adjusted 
to about 1 kHz to 2 kHz to reduce the 
induced rotor voltage, which reduces the 
damage caused by overheating. 


Some motor designs use insulated 
bearings to break the conduction path 
from rotor to ground. Some bearing sur- 
faces are coated with ceramic insulation 
that withstands the rotor voltage. How- 
ever, this does not eliminate the induced 
rotor voltage. The voltage potential is still 
present and may take another path to 
ground, such as through the load. 


A modified motor design can eliminate 
the induced voltage entirely. An electrostat- 
ic shielded induction motor (ESIM) places 
a Faraday shield in the air gap between the 
rotor and the stator. The shield eliminates 
the rotor voltage entirely by blocking the 
capacitive coupling between the rotor 
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and stator. These motors are expensive 
because of the precise construction re- 
quired during motor manufacture. 


All of these solutions cost money, 
and bearing currents are somewhat 
uncommon. Careful analysis of the mo- 
tor application is needed to determine 
whether any of these solutions are 
required. In many cases, one or more of 
these solutions is applied after damage 
has already occurred. Preventive main- 
tenance, such a vibration analysis, may 
indicate that damage is occurring anda 
solution is needed. Fluting shows up in 
vibration analysis as a grouping of peaks 
in the range of 2 kHz to 4 kHz. 
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A bearing is a machine component used to reduce friction and maintain clearance between stationary and mov- 
ing parts. 


A radial load is a load applied perpendicular to the rotating shaft, straight through the ball toward the center of 
the shaft. ` 


An axial load is a load applied parallel to the rotating shaft. 


A rolling-contact bearing is a bearing that contains rolling elements that provide a low-friction support surface 
for rotating or sliding surfaces. 


Rolling-contact bearings are constructed of an outer ring (cup), balls or rollers, and an inner ring (cone). 


A friction bearing is a bearing consisting of a stationary bearing surface, such as machined metal or pressed-in 
bushings, that provides a low-friction support surface for rotating or sliding surfaces. 


Press fit is a bearing installation where the bore of the inner rotating ring is smaller than the diameter of the 
shaft and considerable force must be used to press the bearing onto the shaft. 


Push fit is a bearing installation where the diameter of the outer fixed ring is smaller than the diameter of the 
bearing housing and the ring can be pushed in by hand. 


An arbor press, or hammer and tube can be used to apply force uniformly on the face or ring that is to be 
press fit. 


Bearings can be mounted by heating (expanding) or cooling (shrinking) the bearing. 


A grease fitting is used to direct grease to bearing components. The head opens when a grease gun is attached 
and closes when it is removed. 
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e A pressure cup is a reservoir that provides constant lubrication to a bearing and consists of a grease reservoir 
with an internal spring and pressure plate. 


e An oil cup is a reservoir located on a bearing housing to provide lubrication to a bearing and rely on gravity to 
feed the lubricant through a direct passage to the bearing. 


e Friction bearings usually require a light film of oil, provided from lubrication tube and wicking material. 
* An oil seal is used to contain oil inside a housing and seal out foreign matter. 
e Spalling can be caused by ovcrloading a bearing until microscopic flakes break off the surface. 


* Brinell damage happens where applied force exceeds the yield strength of the surface. The balls are pressed 
into the surface to cause indentations that are spaced the same as the distance between the balls. 


* False Brinell damage is caused by vibration that moves one ring relative to another and causes axial elliptical 
indentations at ball positions when the bearing is not rotating. 


e Temperature damage happens when a bearing overheats. It is visible as discoloration of the metal. 


e Fretting corrosion is the rusty appearance that results when two metals in contact are vibrated, rubbing loose 
minute metal particles that become oxidized. 


e Bearing surfaces that are misaligned appear as worn surfaces on one side or opposing sides of a bearing. 


* Thrust damage on ball bearings appears as marks on the shoulder or upper portion of the inner and outer race. 
The appearance can vary from a slight discoloration to heavy galling. 


e Electrical pitting and fluting occurs when the current passes through bearings. The current can etch or pit bear- 
ing surfaces. 
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A bearing is a machine component used to reduce friction and maintain clearance between stationary and mov- 
ing parts. 


A radial load is a load applied perpendicular to the rotating shaft, straight through the ball toward the center of 
the shaft. 


An axial load, or thrust load, is a load applied parallel to the rotating Shaft. 


A rolling-contact bearing, or antifriction bearing, is a bearing that contains rolling elements that provide a low- 
friction support surface for rotating or sliding surfaces. 


A ball bearing is a rolling-contact bearing that permits free motion between a moving part and a fixed part by 
means of balls confined between inner and outer rings. 


A roller bearing is a rolling-contact bearing that has parallel or tapered steel rollers confined between inner and 
outer rings. 


A needle bearing is an rolling-contact roller-type bearing with long rollers of small diameter. 
A race is the bearing surface of a rolling-contact bearing that supports the rolling elements. 
A Conrad bearing is a single-row ball bearing that has races that are deeper than normal. 
A cylindrical roller bearing is a roller bearing having cylinder-shaped rollers. 

A tapered roller bearing is a roller bearing having tapered rollers. 


A friction bearing is a bearing consisting of a stationary bearing surface, such as machined metal or pressed-in 
bushings, that provides a low-friction support surface for rotating or sliding surfaces. 


A babbitt metal is an alloy of soft metals such as copper, tin, and lead, and a hardening material such as antimony. 


Press fit is a bearing installation where the bore of the inner rotating ring is smaller than the diameter of the shaft 
and considerable force must be used to press the bearing onto the shaft. 


Push fit is a bearing installation where the diameter of the outer fixed ring is smaller than the diameter of the 
bearing housing and the ring can be pushed in by hand. 


A grease fitting is a hollow tubular fitting used to direct grease to bearing components. 
A pressure cup is a pressurized grease reservoir that provides constant lubrication to a bearing. 
An oil cup is an oil reservoir located on a bearing housing to provide lubrication to a bearing. 


Surface reaction is damage to bearing surfaces caused by eneun or electrochemical reactions between the 
lubricant and the metal of the bearing. 


Spalling is general wear of rolling contacts where metal pieces flake away the surfaces in contact, leaving a 
roughened surface. 


Brinell damage is bearing damage where applied force exceeds the yield strength of the surface and presses the 
balls into the surface to cause indentations. 


False Brinell damage is bearing damage caused by vibration or other forces that move one ring relative to another 
and cause axial elliptical indentations at ball positions when the bearing is not rotating. 


Temperature damage is bearing damage caused by high temperatures in the bearing. 


Fretting corrosion is the rusty appearance that results when two metals in contact are vibrated, rubbing loose 
minute metal particles that become oxidized. 


Misalignment wear is bearing damage that occurs when the two bearing rings are not aligned with one another 
and the rolling-contact points cause eccentric wear. 


Thrust damage is bearing damage due to axial force. 
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... Glossary 


Galling, or adhesive wear, is a bonding, shearing, and tearing away of material from two contacting, sliding metals. 


Electrical pitting is bearing damage in the form of pits formed on the balls or race caused by electrical discharge 
through the bearing. 


Fluting is the elongated and rounded grooves or tracks left by the etching of each roller on the rings of an improp- 
erly grounded roller bearing when current passes through the bearing. 


1. Describe the difference between a radial load and an axial load. 

2. Describe the difference between a rolling-contact bearing and a friction bearing. 

3. Describe the difference between a press fit and a push fit. 

4. Explain how to mount a rolling-contact bearing on a shaft. 

5. List several methods used to lubricate bearings. 

6. Explain how to tell the difference between spalling damage and temperature damage. 


7. Explain how to tell the difference between Brinell damage and fluting damage. 
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between a motor and a load. 

e Explain how chains and gears are used to transfer torque and change 
speed between a motor and a load. 

e Describe the different types of gears and explain how they operate. 

e Explain how friction clutches and eddy-current clutches are able to 
connect or disconnect a load to a motor while the motor is running. 


A motor must be coupled to a load in order to produce useful work. Flexible 
drives use belts and pulleys. Mechanical drives use chains or gears. 
Clutches are used to connect or disconnect a load to a motor while the 
motor is running. Drives and clutches can also be used to operate a load at 


a different speed than the motor. 
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Oefinition 


A flexible drive is a sys- 
tem in which a resilient 
flexible belt is used to 
drive one or more shafts. 


TENSILE 
MEMBERS 


FLEXIBLE DRIVES 


A flexible drive is a system in which a 
resilient flexible belt is used to drive 
one or more shafts. Flexible drives may 
also change the magnitude, direction, 
and speed of the applied force. Flexible 
drives are nonsynchronous drive systems 
because they do not provide positive en- 
gagement between the drive and driven 
sides of the system. Nonsynchronous drive 
systems slip if the resistance to movement 
exceeds the friction between the belt and 
the pulley. 


Belt Drives 


Belt drives are one of the most common 
drive systems used in industry. Belts are 
attached to a motor shaft and a load shaft. 
As the motor shaft turns, friction between 
the belt and a pulley provides the torque 
needed to turn the other shaft. Belt drives 


TENSILE 
MEMBERS ———_ 


Multiple 


LINK-TYPE 


Belt Materials 


are relatively inexpensive, quiet, easy 
to maintain, and provide a wide range 
of speed and torque. The material used 
for the belt is normally selected for the 
application. Belts normally have tensile 
members that run the length of the belt 
„to provide tensile strength for the belt. 
Belts commonly used in industry include 
flat belts, V-belts, and timing belts. See 
Figure 16-1. 

Characteristics of belt drives include 
belt tension, creep, and slip. Belt tension 
includes tight side, slack side, and cen- 
trifugal. Tight-side tension is the tension 
on a belt when it is approaching the drive 
pulley. Slack-side tension is the tension 
on a belt when it is approaching the driven 
pulley. Centrifugal tension is the tension 
needed to offset the centrifugal force on the 
belt as it engages the pulley. Centrifugal 
force pushes the belt away from the pulley, 
reducing friction. See Figure 16-2. 
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Neoprene | 500 - 3000 | 3000 
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Figure 16-1. Belts used in industry include flat, V-, and timing belts. 
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Figure 16-2. Belts are pulled tight to prevent 
centrifugal force from causing a belt to fly off 
a pulley. Tensile members in the belt keep it 
from stretching too much. 


Belt creep is the natural movement of 
the belt on the face of the pulley when it 
is subjected to changes in tension. Belt 
creep occurs at startup or when the load 
is increased or decreased. Belt slip is the 
movement of a belt on the face of the pul- 
ley when belt tension is too loose and the 
belt slides on the pulley. Belt slip reduces 
pulley speed and causes premature wear on 
the belt and pulley. 

Protecting the belts from the surrounding 
environment is a high priority. A protective 
cover should be designed to keep objects 
and foreign substances such as grease, oil, 
and dirt from contacting the belt or pulleys. 
Foreign material on a belt causes glazing. 
Glazing is a slick polished surface caused 
by dirt and other debris being rubbed on the 
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surface of a belt. A glazed belt has reduced 
friction with the pulleys, resulting in belt 
slippage and a loss of power transmission. 
Glazed belts should be replaced and the 
pulleys inspected for possible damage. 
High humidity and temperatures may cause 
premature belt failure. 


V-Belts. A V-belt is a flexible drive belt that 
has a cross-section in the shape of a V. V-belts 
are the most frequently used belts for belt 
drive systems. Compared to flat belts, V-belts 
require less tension, can tolerate some minor 
misalignment, run with very little noise, and 
require less maintenance. The lower oper- 
ating tension required for V-belts reduces 
bearing loads. 

A fractional-horsepower (FHP) V-belt 
is a V-belt designed for light-duty applica- 
tions. FHP V-belts are used on drive systems 
that range from 3 HP to 17 HP. FHP V-belts 
are made from lightweight materials, allow- 
ing them to bend over small pulleys. Some 
small FHP V-belts are notched part way 
through the cross section, allowing more 
flexibility in the belt. 

A standard V-belt is a V-belt designed for 
mioderate-duty applications. Standard V-belts 
are available in five different cross-sectional 
sizes, indicated by the letters A through E. 
See Figure 16-3. Standard belts range from 
25” to 660” in length. For example, a standard 
V-belt may be labeled C105. The C indicates 
a cross-sectional measurement of 7%” and the 
105 is a nominal size designation. 

A narrow V-belt is a V-belt having a smaller 
cross section and a higher profile than a 
standard belt that is designed for heavy-duty 
applications. The shape of a narrow belt pro- 
vides more surface contact with the pulleys, 
allowing the belt to transmit large amounts 
of power with a small cross section, Narrow 
V-belts are often referred to as heavy-duty 
belts. Narrow V-belts require high operating 
tension and are sized by the same system as 
FHP belts. Cross-sectional sizes include 3, 
5, and 8. For example, a narrow V-belt may 
be labeled 3VX300. The 3 indicates a cross 
section of 96”, the V indicates a narrow V-belt, 
the X indicates a notched belt, and the 300 
indicates an outside length of 30”. 


| Definition 


A V-belt is a flexible 
drive belt that has a 
cross-section in the 

shape of a V. 


A fractional-horsepower 
(FHP) V-belt is a V-belt 
designed for light-duty 
applications. 


A standard V-belt is a V- 
belt designed for moder- 
ate-duty applications. 


A narrow V-belt is a 
V-belt having a smaller 
cross section and a 
higher profile than a 
standard belt that is 
designed for heavy-duty 
applications. 
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V-belts transmit torque to and from 
a pulley through the wedging action of 
the tapered sides of the belt in the pulley 
groove. See Figure 16-4. V-belts should 
not normally run in contact with the bot- 
tom of the pulley. V-belts are classified as 
‘fractional horsepower (FHP), standard, 
and narrow and are available in a variety 
of lengths. Proper V-belt selection is 
determined by pulley diameter, groove 
angle, motor frame number, pulley center 
distance, and belt cross section. Manufac- 
turers provide tables that can be used to 

specify belt and pulley combinations. 
Some industrial applieations use a 
multiple belt drive system to transfer 
large amounts of horsepower. Multiple 
V-belts must be a matched set and have a 
consistent length and cross section. If the 
belts are different sizes, one belt carries the 
majority of the load, resulting in premature 
failure of the belt and an overall loss of 
l power transfer. All belts should be replaced 

BELT PITCH 3 : : 
LINE (TENSION when any one belt in a multiple-belt drive 
MEMBER) 5 is replaced. Used belts are no longer the 
same size as new belts because they have 

been stretehed during use. 


HIGH-CAPACITY BELT 


f Tech Fact 


An excessive number of belts, or belts that 
are too large, can severely stress motor or 
driven shaits. This can happen when load 

3 requirements are changed on a drive, but the 
STANDARD BELT belts are not redesigned accordingly. This can 
also happen when a drive is greatly overde- 
signed for the load and forces created from 
belt tensioning are too great for the shafts. 


Figure 16-3. Standard V-belts are designated as A, B, C, D, or E. High-capacity 
V-belts are designated as 3V, 5V, or 8V. 
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Figure 16-4. V-belts transfer power through the wedging action of the tapered sides of the belt in a pulley groove. 


Flat Belts. A flat belt is a belt that has a rect- 
angular cross section and relies on friction 
for proper Operation. Proper friction requires 
tensioning a flat belt using a tension tester. 
Flat belts are commonly used in applications 
that require high speeds, low noise, and small 
pulley diameters. Some flat belts can operate 
at speeds of 140,000 rpm. Flat belts are used 
to drive a wide range of industrial machinery 
and vary in width and thickness depending 
on the torque requirements. 


Timing Belts. A timing belt is a flat belt 
containing gear teeth that are used for syn- 
chronous drive systems. See Figure 16-5. 
Timing belt teeth are evenly spaced, provid- 
ing timing and positive engagement with the 
mating pulley. A timing belt provides a drive 
system that has no slippage or creep, does not 
stretch, needs no lubricant, requires low belt 
tension, and has very little backlash. Timing 
belts can provide more efficiency than V-belts 
by combining the advantages of a flat belt 
drive system and a positive synchronous drive 
system. Timing belt selection is determined 
by horsepower and pulley size. 


Pulleys. A sheave is a grooved wheel used 
to hold a V-belt. See Figure 16-6. A pulley 
consists of one or more sheaves and a frame 
or block to hold the sheaves. Pulleys are used 
to change the speed of a driven load relative to 
the motor speed. A pulley of one size is placed 
on the drive shaft and a pulley of another size 
is placed on the driven shaft. A V-belt connects 
the two pulleys to transfer the torque. 

A pulley system depends on friction 
between the V-belt and the sheave. The best 
situation is where the V-belt wraps around 
a sheave and makes contact with an entire 
half of the sheave. However, when the 
two sheaves have different diameters, the 
V-belt makes contact with more than half 
of the larger sheave and less than half of 
the smaller sheave. This reduces the force 
available at the smaller sheave. 

As a rule of thumb, the pulleys should be 
placed a distance apart equal to 3 times the 
diameter of the largest pulley. In addition, the 
sheaves should be placed as close as possible 
to the motor housing or shaft bearings. This 
minimizes the loading on the bearing. 
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There are many situations where a load 
must be rotated at a speed slower than the 
speed of an inexpensive 2-pole induction 
motor. The size and the cost of a motor that 
runs slower because it has more poles can 
be much higher than the standard motor. 
In addition, the low-speed motor often has 
a lower power factor and lower efficiency. 
Pulleys are often used to drive a load at a 
different speed than the motor speed. 


Timing Belts 


0.080" (2/25") 


| Definition 


A flat belt is a belt that 
has a rectangular cross 
section and relies on fric- 
tion for proper operation. 


A timing belt is a flat 
belt containing gear 
teeth that are used 
for synchronous drive 
systems. 
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Figure 16-5. Timing belts are classified by their standard length, cross-sec- 


tion designation, and circular pitch. 
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Figure 16-6. V-belt pulleys contain grooves to hold the belt. 


| Definition 


A sheave is a grooved 
wheel used to hold a 
V-belt. 


Pulley Speed Change 


The speeds of the motor and the load and 
the diameters of the sheaves are related to each 
other. See Figure 16-7. The full-load speed of 
a motor can be found on the nameplate. The 
speed of the load is determined by the load 
requirement. The diameter of the sheaves can 
be measured or specified. The speeds and 
diameters are related as follows: 
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where 

Sy = motor speed, in rpm 

S, = load speed, in rpm 

D, = load-sheave diameter, in in. 
D „ = motor-sheave diameter, in in. 


er rN ASE CRON E STASA 


Figure 16-7. The diameter or speed of a driven or drive pulley may be deter- 
mined by solving for any one value when the other three are known. 


PULLEY 
xe, GROOVES 


CAP 
SCREWS 
y = i 


(BUSHING) 


For example, the operating speed of a 
motor is 1745 rpm and the desired speed 
of the load is twice that, or 3490 rpm. The 
motor sheave diameter is 6” in diameter. 
The required diameter of the load sheave 
is calculated as follows: 


Su = D, 
E 
1745 _ D, 
3490 6 
_1745x6 
£ 3490 
_ 10470 
t 3490 
D,=3" 


Belt Speed. V-belts have a maximum speed 
rating. Different types of V-belts have differ- 
ent speed ratings, but a good rule of thumb 
is to use a top speed of about 6000 fpm to 
7000 fpm. The centrifugal force of the ro- 
tating sheave applied force to the belt that 
tends to stretch the belt. If the belt stretches 
too much, contact between the belt and the 
pulleys will be lost. 

Belt speed can be calculated when the 
motor speed and diameter of the motor 
sheave is known. See Figure 16-8. Alter- 
natively, the load speed and load sheave can 
be used if those are known. The belt speed 
is the same at each sheave even though the 
speed of rotation is different. The speed of 
rotation is in revolutions per minute (rpm) 


and the belt speed is in feet per minute 
(fpm). The sheave diameter is used to con- 
vert rpm to fpm as follows: 


eID 


where 

S, = belt speed, in fpm 

S,, = motor speed, in rpm 
D = sheave diameter, in in. 

For example, a motor operating at a 
speed of 1745 rpm is fitted with a sheave 
with a diameter of 4”. The load sheave has 
a diameter of 6”. Since the motor speed is 
known, the motor sheave is used to calculate 
the belt speed as follows: 
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Sp =1745 x 1.047 
S, =1825 fpm 


MECHANICAL DRIVES 


A mechanical drive is a combination of 
mechanical components that transfer torque 
from one location to another. Mechanical 
drives may also change the magnitude, 
direction, and speed of the applied force. 
Mechanical drives include chain drives and 
gear drives. Couplings provide a direct con- 
nection between a motor and a load. 


Chain Drives 


A chain drive is asynchronous mechanical 
drive system that uses a chain to transfer 
torque from one sprocket to another. A 
chain is a series of interconnected links 
that form a loop. A sprocket is a wheel 
with evenly spaced teeth located around the 
perimeter of the wheel. The chain meshes 
with the teeth on the sprocket, creating a 
synchronous drive system. Chain drives use 
roller and silent chain. 


Roller Chain, Roller chain is a chain that 
contains roller, pin, and connecting mas- 
ter links. See Figure 16-9. A roller link 
consists of two bushings placed inside two 
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rollers that are pressed into two side bars. 
The side bar has two precision holes used to 
connect two pins or two bushings. When the 
roller link is pressed together, the rollers are 
free to spin around the bushings, providing a 
pivot point. Roller chain must be lubricated 
because it wears quickly. 


Belt Speed 


_ Definition 


A mechanical drive is a 
combination of mechani- 
cal components that 
transfer torque from one 
location to another. 


Figure 16-8. Belt length is calculated from the center-to-center distance 


between pulleys and the pulley diameters. 
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Figure 16-9. Roller chain includes roller, pin, and connecting master links. 
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Definition 


A chain drive is a 
synchronous mechanical 
drive system that uses a 
chain to transfer torque 
from one sprocket to 
another. 


Roller chain is a chain 

that contains roller, pin, 
and connecting master 

links. 


Silent chain is a 
synchronous chain that 
consists of a series of 
links joined together 
with bushings and pins. 


A pin link is used to join roller links and 
consists of two steel pins pressed into two 
side bars with matching holes. The width of 
a pin link is greater than the width of a roller 
link. This enables the pin link side bars to 
fit on the outside of the roller link side bars. 
Assembly of the roller chain requires slid- 
ing one pin of a pin link through one roller 
of a roller link and the other pin through one 
roller of another roller link. The link is made 
by pressing on the second side bar of the pin 
link. Pin and roller links are joined until the 
desired chain length is achieved. 

A connecting master link has a remov- 
able side bar and retainer that snaps on the 
pin and outside the side bar to hold the side 
bar in plaee. Connecting links are used to 
connect two ends of a chain, making a com- 
plete loop. An offset link is used to shorten 
or lengthen a chain and to connect two ends 
of a chain. The length of an offset link is 
half the length of a pin, roller, or connecting 
master link. An offset link should only be 
used for short length adjustments because 
it is weaker than other chain links. 

A sprocket has cvenly spaced teeth 
loeated around the perimeter of the wheel. 
See Figure 16-10. The teeth of a sprocket 
provide positive engagement with a chain 
in order to transfer force from one sprocket 
to another. Sproekcts are classified as A, B, 
and C sprockets. An A sprocket is a sprocket 
that has no hub and is usually mounted on 
a hub or flange with mechanical fasteners. 
A B sprocket has an integrated hub on one 
side of the sprocket. A C sprocket has an 
integrated hub on both sides of the sprocket. 
B and C sprockets are commonly attached 
to a shaft using a key and set screws. 


Silent Chain. Silent chain is a synchro- 
nous chain that consists of a series of links 
joined together with bushings and pins. 
See Figure 16-11. The bushing and pin 
arrangement provides a pivot point for the 
silent chain. The links are flat on the top 
and have teeth on the bottom. Tooth width 
is determined by the number of plates. 
Silent chain sprockets also have teeth that 
mesh with the chain teeth, providing a 
positive drive system. 
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Figure 16-10. A sprocket provides positive 
engagement with a chain to transfer force from 
one sprocket to another. 


Silent Chain 
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Figure 16-11. Silent chain consists of a series 
of links that are flat on the top and have teeth 
on the bottom. 


A silent chain sprocket has a groove cut 
in the center of the teeth to prevent the silent 
chain from moving laterally on the sprocket 
by controlling the position of the guide link 
at the center of the chain. The guide link 
fits into a groove on the sprocket and keeps 
the chain properly aligned in the sprocket. 
Silent chain is more expensive than roller 
chain but has higher operating speeds, is 
more efficient, runs quieter and smoother, 
and provides longer life. 


Gear Drives 


A gear drive is a synchronous mechanical 
drive system that uses the meshing of two or 
more gears to transfer motion from one shaft 
to another. A gear is a toothed wheel used to 
transfer torque or motion from one gear to 
another or from one shaft to another using 
interlocking gear teeth. Gear drives provide 
positive contact between gears and the teeth 
prevent significant slippage. Gear-driving 
and gear-driven shafts should be located 
close to each other. Long distances between 
shafts are not economical for gear drive 
systems. Lubrication of a gear drive system 
is necessary for the drive system to function 
properly. The lubricant must provide a pro- 
tective barrier between the mating gears to 
eliminate any metal-to-metal contact. 


Gear Ratio. A gear ratio is the ratio between 
the diameter of the drive gear and the driven 
gear. Matching gears have teeth of the same 
size. The number of teeth on a gear deter- 
mines its diameter. The gear ratio determines 
how fast the driven gear rotates in relation 
to the drive gear. Gears with equal diameters 
have a 1:1 ratio and rotate at the same rate. A 
gear ratio of 1:2 means that the driven gear 
has a diameter that is twice that of the drive 
gear. Therefore, the drive gear rotates more 
quickly and makes 2 revolutions for each 
revolution of the driven gear. 

Any two gears that mesh rotate in opposite 
directions. For example, a drive gear rotating 
counterclockwise causes the second gear to 
rotate clockwise. An added third gear rotates 
in the same direction as the first gear. See 
Figure 16-12. The driven gear is forced to 
move by the drive gear. The driven gcar has a 
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load attached to it, while the drive gear is often 
attached to a motor. To find the gear ratio, the 
diameter of each gear must be known. The 
gear ratio is found by applying the formula: 


pee 
d 
where 


R = gear ratio 
D = drive-gear diameter (in inches) 
d = driven-gear diameter (in inches) 
For example, the gear ratio with a 3” 
drive gear and a 17%” (1.875”) driven gear 
is calculated as follows: 


R=2 
d 
Lea 
1.875 


R=1.6, or 1.6:1 
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ROTATION 


| Definition 


A gear drive is a syn- 
chronous mechanical 
drive system that uses the 
meshing of two or more 
gears to transfer motion 
from one shaft to another. 


A gear ratio is the ratio 
between the diameter of 
the drive gear and the 
driven gear. 
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Figure 16-12. A gear drive uses the meshing of two or more gears to transfer 


motion from one shaft to another. 
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Definition 


Backlash is the amount 
of movement, or play, 
between meshing gear 
teeth, 


A spur gear is a gear 
with straight teeth cut 


parallel to the shaft axis. 


A helical gear is a gear 
with teeth that are not 


parallel to the shaft axis. 


A herringbone gear is 
a gear with two rows of 
helical teeth. 


A bevel gear is a gear 
with straight tapered 
teeth used in applica- 
tions where shaft axes 
intersect. 


A worm is a screw 
thread that rotates the 
worm gear. 


A worm gear is a spur 
gear that is driven by a 
worm. 


Backlash. Gears are designed to have 
baeklash between meshing teeth for maxi- 
mum life and efficiency. Backlash is the 
amount of movement, or play, between 
meshing gear teeth. Backlash is required 
to prevent full eontact on both flanks of 
the teeth. The spaee ereated enables the 
flow of lubricant between the teeth flanks. 
Inadequate baeklash ean eause resistanee, 
resulting in overheating or jamming of the 
meshing gears. Exeessive backlash can 
cause problems if the direction of rotation is 
reversed frequently. Each time the direction 
of rotation is reversed, the gear teeth are 
subjeeted to impact. Baeklash is generally 
measured by holding one gear stationary 
while rocking the engaged gear baek and 
forth. The movement is measured with a 
dial indicator plaeed at the piteh diameter. 
See Figure 16-13. 
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Figure 16-13. Backlash between two gears 
ean be measured with a dial indieator placed 
on the pitch diameter. 


Gears. A spur gear is a gear with straight 
teeth cut parallel to the shaft axis. See Fig- 
ure 16-14. Spur gears are the most eom- 
mon gears used in industry and are used 
where gears are mounted on parallel shafts. 
Spur gears may be external, internal, or 
rack gears. External gears have teeth cut 
on their outside perimeter. Internal gears 


have an external gear that meshes on the 
inside eireumferenee of a larger gear. This 
permits a large ratio of speed reduetion ina 
small spaee. A pinion gear is the smaller of 
two meshing gears. A rack has teeth spaeed 
along a straight line. A pinion gear is used 
with a rack to convert rotary motion into 
linear motion. 

A helical gear is a gear with teeth that 
are not parallel to the shaft axis. Helical 
gears are manufaetured in pairs so their 
helix axes mateh. Helieal gears are com- 
monly used in gearboxes because they 
provide smoother operation than spur 
gears. Helical gear teeth mesh with each 
other in a sliding motion. This results in 
more tooth contact at any given time. End 
thrust is produced because of the angle of 
the teeth. 

A herringbone gear is a gear with 
two rows of helical teeth. Herringbone 
gears have parallel shafts and teeth eut 
at opposite angles. End thrust is avoided 
because the teeth are at opposite angles. 
Herringbone gears provide quiet and ef- 
ficient operation. 

A bevel gear is a gear with straight 
tapered teeth used in applications where 
shaft axes intersect. Bevel gears are 
conieal in shape rather than cylindrical 
in shape. Bevel gears are manufaetured 
in pairs to ensure matching tapers. Bevel 
gears are primarily used in gearboxes 
requiring shafts at right angles to eaeh 
other. A spiral bevel gear has curved teeth, 
whieh provide smoother operation at high 
speeds. A miter gear is used at right angles 
to transmit torque at a 1:1 ratio. Miter 
gears operated together must have the 
same number of teeth. 

Pairs of gears consisting of a worm and 
a worm gear are used for large speed redue- 
tions and smooth, quiet service. A worm is 
a screw thread that rotates the worm gear. A 
worm gear is a spur gear that is driven by a 
worm. Worm gear teeth are cut at an angle 
and in a concave shape to mate securely 
with the worm. A single-threaded worm 
is designed to advanee the worm gear one 
tooth for every revolution of the worm. 
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Figure 16-14. The gear used in a mechanical drive is determined by the required gear speed, load placed on the gear, 
angular requirements, and space constraints. 


Gearboxes. Gears used in gear drive systems Definition _ _ 
may be exposed or encased in a gearbox. A 
gearbox is a sealed container that has an input 
shaft and an output shaft and houses at least 
one set of mating gears. Gearboxes are used to 
change shaft rotation, speed, and/or direction 
of rotation, and to protect gears from the sur- 
rounding environment. See Figure 16-15. 

An inline gearbox normally contains spur 
or helical gears and is primarily used to reduce 
shaft speed. Speed is controlled by the gear 
ratio. Inline gearboxes can also provide single- 
axis offset that can be useful for joining shafts 
that are on different axes. A right-angle gear- 
box normally contains bevel, miter, or worm 
gears and is used to change the direction of the Figure 16-15. A set of gears is used in a 
output shaft in relation to the input shaft. Worm gearbox to transfer torque from the motor to 
gears provide a large speed reduction. the load. 


A gearbox is a sealed 
container that has an 
input shaft and an output 
shaft and houses at least 
one set of mating gears. 


GEAR 


Emerson Power Transmission 
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(Befinition o en 


A coupling is a device 
that connects the ends of 
rotating shafts. 


A rigid coupling is a 
device that joins two 
precisely aligned shafts 
within a common frame. 


A flexible coupling is a 
coupling with a resilient 
center that flexes under 
temporary torque or 
misalignment due to 
thermal expansion. 


A clutch is a coupling 
between a motor and a 
load that connects or dis- 
connects the motor shaft 
to a drive shaft while the 
motor is running. 


The lower portion of a gearbox is usually 
used as an oil reservoir for lubricating the 
internal gears. Proper gearbox maintenance 
includes changing the gearbox oil accord- 
ing to manufacturer specifications, using 
the proper gear oil, and visually inspecting 
the dirty oil for contaminants. Oil level 
is checked by looking through the sight 
glass or by removing a plug located on 
the gearbox. The oil should just begin 
dripping from the opening revealed by 
the plug. Oil that is removed may be 
analyzed to monitor the conditions inside 
the gearbox. Chemical breakdown, con- 
tamination levels, and particle typc and 
amount indicate the level of gear wear 
inside the gearbox. 


Couplings 
A coupling is a device that connects the 
ends of rotating shafts. Thcre are many 
applications where the load speed can be 
the same as the motor speed, such as many 
pumping and fan applications. Couplings 
are the most common and least expensive 
method of connecting two shafts. Cou- 
plings are classified as rigid or flexible. 
Couplings require accurate alignment of 
the mating shafts. 

A rigid coupling 1s a device that joins two 
precisely aligned shafts within a common 
frame. See Figure 16-16. Rigid couplings are 


- 


made of metal and are secured with bolts or 
setscrews. One advantage of rigid couplings 
is the ability to transmit more torque than 
flexible couplings because of their simple 
design and rigidity. Rigid couplings include 
flange and sleeve couplings. 

A flexible coupling is a coupling with a 
resilient center that flexes under temporary 
torque or misalignment due to thermal 
expansion. Flexible couplings reduce the 
conduction of heat, sound, and electric- 
ity through the drive system, although 
they can allow enough vibration to cause 
excessive wear to seals and bearings. 
Where flexible couplings are used, shaft 
alignment should be as accurate as if solid 
couplings were used. 


CLUTCHES 


A clutch is a coupling between a motor 
and a load that connects or disconnects the 
motor shaft to a drive shaft while the motor 
is running. The input shaft and output shaft 
of a friction clutch rotate at the same speed. 
The output shaft of an eddy-current clutch 
rotates slower than the input shaft. 


Í Tech Fact 


The correct belt tension is the least amount 
of tension that enables the belt to run with- 
out slipping when a full load is applied. 
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Figure 16-16. Couplings transfer rotary motion by directly connecting two shafts. 


The advantage of using a clutch instead of 
a direct coupling is that the load is connected 
to the motor shaft while the motor is running 
at its no-load speed. This means that the 
motor can be started under no load and can 
deliver maximum horsepower without hav- 
ing a long startup. For this reason, the motor 
does not draw locked-rotor current during 
starting and does not stress the distribution 
system and overheat the motor. The load can 
be stopped and started many times without 
affecting the duty cycle of the motor. 


Friction Clutches 


A friction clutch uses the force of friction 
between two or more rotating disks, drums, 
or cones to engage or disengage the two 
shafts. See Figure 16-17. Engaging the 
clutch brings the clutch components together 
and starts torque transfer from the motor to 
the load. This brings the load up to operat- 
ing speed. Disengaging the clutch separates 
the clutch components and stops torque 
transfer from the motor to the load. This al- 
lows the load to stop turning while the motor 
continues turning. Clutches are sometimes 
combined with brakes in one unit. Friction 
clutches are less expensive than most other 
types of clutches, but generally cannot con- 
trol the torque over a wide operating range. 
They are well suited for hoists and cranes. 


Friction Clutches á 


maeme eine 


Kebco Power Transmission 


Figure 16-17. A friction clutch brings the 
clutch components together where the force 
of friction transfers the torque from the motor 
to the load. 
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The term “magnetic clutch” is sometimes 
used in the field. It has several meanings and 
is not used consistently. It may mean a friction 
clutch that uses a magnetic field to engage the 
friction disks. It may also mean a clutch that 
uses a magnetic field to couple a motor to a 
load, as with an eddy-current clutch. 


Eddy-Current Clutches 


An eddy-current clutch uses a magnetic 
field to couple a motor to a load. The clutch 
contains a drum that is attached to the mo- 
tor shaft or input shaft of the clutch. Inside 
the drum is a rotor with an output shaft. In 
a common design, the motor is attached to 
the input shaft and the load is attached to 
the output shaft. At startup, the drum rotates 
at the speed of the motor shaft and the rotor 
within the drum remains stationary. When 
the field coil is energized, a magnetic field 
couples the drum and the rotor, and the rotor 
is dragged around with the drum. When the 
coil is de-energized, springs push the drum 
and rotor apart and disengage the load. 

As with an induction motor, an eddy- 
current clutch must operate with slip. 
Torque can be increased by increasing the 
slip or by increasing the field current in the 
rotor coils. Slip causes heat to be generated 
in the clutch. As the output shaft slows, slip 
increases and heating of the clutch can cause 
damage. This may require external cooling 
to ensure long drum life. Air-cooled and 
water-cooled clutches can run at a higher 
slip without damage to the drum. 

When motor speed control is needed, a 
tachometer generator can be added to the 
clutch. The tachometer feedback is used 
as a signal back to a controller known as 
an eddy-current drive. The controller uses 
the feedback signal to adjust the field current. 
This allows the clutch to transmit just enough 
torque to operate at the desired speed. 

For example, steel, paper, or film is wound 
onto large rolls in a mill. See Figure 16-18. 
The roll can be fairly large in diameter. At 
startup, the input spcecd of the clutch almost 
matches the output speed. Some slip is 
needed to generate eddy currents. As the 
cores on which the product is being wound 


Definition _ _ č 


A friction clutch uses the 
force of friction between 
two or more rotating 
disks, drums, or cones to 
engage or disengage the 
two shafts. 


An eddy-current clutch 
uses a magnetic field to 
couple a motor to a load. 
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start to rotate, the roll turns quickly to allow 
the product to wrap around the small core 
while maintaining constant tension. The 
output shaft must turn quickly to match. As 
the roll finishes off, the diameter is much 
larger and the roll turns slowly to allow the 
product to wrap the larger diameter while 
maintaining the same tension. The speed 
is controlled by varying the field current, 
which controls the slip. The same kind of 
situation exists where a roll is unrolled for 
use in a machine. 


- 


Eddy-current drives are generally less 
efficient than adjustable-speed drives. 
Power is proportional to speed. Since slip 
is required in an eddy-current drive, the 
output speed of the clutch is less than the 
input speed. Therefore, output power of an 
eddy-current clutch is less than the input 
power. The lost power shows up as heat 
in the clutch. Because of this power loss, 
many applications that formerly used eddy- 
current drives now use adjustable-speed 
AC drives. 


ASI Robicon 


Figure 16-18. An eddy-current clutch is used to control the speed when a roll is wound 


or unwound. 
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Gear Reducers 


a 
Gear reducers transmit torque from a where $ 
motor to a driven machine. They change : 
torque, speed, direction, and a a) à 
In most applications, gear reducers are S,= input speed (in rpm) 5 
used to amplify torque. When the output A = gear reducer ratio £ 
speed of the gear reducer is slower than Tie ouri ewed o te aer re- m 
the motor speed, the torque is increased d f P i hans g ti J 
proportionally to the reducer ratio. How- ra ee eo gear Talio: = 


There is no slip. For example, a motor 
shaft that turns at 1740 rpm is con- 
nected to a gear reducer with a ratio 
of 30:1. The output speed of the gear 
reducer is calculated as follows: 


ever, the final torque is reduced because 
of inefficiencies in torque transfer. 

To find the output torque of a gear 
reducer, apply the formula as follows: 


31da 


To =T, X Re X Eg 


where Rg 
T, = output torque (in Ib-ft) So = 1740 
T, = input torque (in lb-ft) 30 

So =58rpm 


Ai, = gear reducer ratio 


E, = reducer efficiency 


For example, a motor with 8 lb-ft of 
torque is connected to a gear reducer 
with a ratio of 30:1 and an efficiency 
of 85%. The output torque of the gear 
reducer is calculated as follows: 
= 1 XK, XE, 

To =8 x 300.85 
T, = 204 Ib- ft 


OUTPUT TO 
DRIVEN MACHINE 


To find the output speed of a gear 
reducer, apply the formula as follows: 


a 
\-GEAR | 
REDUCER 
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Calculating V-Belt Length 


ï The length of a V-belt of this machine For example, a motor with a 24” sheave 
È can be found by adding the length of the is connected to a load with a 6” sheave. 
» belt that wraps around the sheaves to the The center-to-center distance between the 
k length between the centers of the sheaves. sheaves is 18”. Belt length is calculated 
& For sheaves that are the same size, the ‘as follows: 
y length of the belt that wraps around each 2 
S of the sheaves is the same. For sheaves L=(D+d)X%+2x cft -d) | 
rt that are different sizes, the length of the belt 4xcc 
that wraps around each of the sheaves is 
é different. The belt wraps more than halfway (24 = 6) 
around the larger sheave and less than L= (24 aP 6) xX7⁄4+2x18+ wi 
halfway around the smaller sheave. The 


belt length can be calculated as follows: 187 
į ; L=30x%+36+— 
(D-d) 72 
L=(D+d)x%+2xCC+ Sees 324 
4xcc L=47.14+36+ =~ 


where 


L = belt length, in in. L = 87.6" 
D = diameter of larger sheave, in in. A belt with a length of 87.6” would not | 
normally be available off the shelf. There- | 
fore, a standard length longer than 87.6” 
CC=center-to-center distance between would be chosen and an idler roller would | 
sheaves, in in. be used to adjust belt tension. | 


d = diameter of smaller sheave, in in. 


(D-ay 
4xcc 


L=(D+d)x7+2xCC+ 


where 

L = belt length, in in. 
D = diameter of larger sheave, in in. 

d = diameter of smaller sheave, in in. 
CC = center-to-center distance between 
sheaves, in in. 


Chapter 16—Drive Systems and Clutches 365 


Application—Belt Tensioning 
All belts must operate at the proper tension. 


MAR ees MEASURE 
The belt slips if the tension is too low, caus- SPAN LENGTH @))- -©)rosirion 
. i a /  STRAIGHTEDGE 
ing rapid wear of the belt and pulley. The belt | 
overheats if the tension is too high, resulting | == S PULLEY 


CENTER 


in rapid wear and increased load on the 
motor and bearings. The proper tension is 
just tight enough to prevent slippage at full 
load and is determined by the belt, size, 


~ ( 3 a" 
“SS (apr Force 
à WITH TENSION 


TESTER 


and belt material. The proper belt tension PULLEY 

should result in approximately 4” of belt CENTER \ | 
deflection for every inch of span between [| | 
pulley centers. Belt manufacturers also TENSION 


; : : : TESTER 
specify belt tension requirements, which can 


be checked with a belt tension tester. Proper 
belt tension is determined with a tension 
tester by applying the following procedure: 
1. Measure span length (t). 


2. Slide the lower O-ring to the position 


(E) LOCATE DEFLECTION 
FORCE 


DEFLECTION FORCE 


sayjiny? pue surazshg anug—uonesjddy 


equal to Ya” per inch of span length on RUBBER / SCALE (READ DOWN) 

the deflection distance scale. The scale is Bates | 

read at the bottom edge of the O-ring. YN DEFLECTION DISTANCE | 
3. Position a straightedge even with the top w, po SCALE (READ WP) | 

of the belt. Nro LOWER O-RING | 
4. Apply force with the tension tester at the T O POSON ERVA TO | 

center of the span with enough force to 

deflect the belt until the bottom edge 

of the lower O-ring is even with the COMPARE DEFLECTION 

Bre oniedge. FORCE WITH TABLE Q} 


5. Locate amount of deflection force on the 
deflection force scale. The upper O-ring 
slides down the scale as the tension tester 
iS compressed and remains there when 
force is released. Note: Read scale at the 
top edge of the O-ring. 

6. Compare the deflection force with the | 
min/max range in the recommended belt 
deflection force table. Tighten the belt if 
force is less than the minimum recom- | 
mended deflection force. Loosen the i 
belt if force is greater than the maximum | 
recommended deflection force. 


Recommended Belt Deflection Force* 


V-Belt Small Pulley | Small Pulley 
Cross Section | Diametert Speed* 


Min/Max* 


Belt operation also provides clues to 
proper belt tension. For example, exces- 
sive fluttering of a belt between pulleys 
indicates that belt tension may be too 
low. Many electricians and maintenance 
technicians judge the tension of a belt by 


| 
feel. The tight side of the belt should feel ae : 
springy, not excessively tight or exces- elalaee | 


sively loose. 
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Application— Selecting Motor 
Couplings 
The correct coupling for an application is 
selected by determining the nominal torque 
rating of the power source, determining the 
application service factor, calculating the 
coupling torque rating, selecting a coupling 
with an equal of greater torque rating, and 
ensuring that the coupling has the correct 
shaft size to fit the drive unit. To select the 
correct coupling for an application, apply 
the procedure: 

1. Determine the nominal torque rating of 
the electric motor. The nominal torque 
rating is calculated or found on a con- 
version table. If the nominal torque rat- 
ing is not available, it can be calculated 


as follows: 
P x 63,02. 
i we 5 


or 
i= IP S252) 

S 
where 
T, = torque, in Ib-in. 
T,= torque, in lb-ft 
P = power, in HP 
S = speed, in rpm 


A 2 HP motor operates at 1725 rpm to 
power a heavy-duty conveyor. The nominal 


torque rating in Ib-in. is calculated as follows: 


r= Px 63,025 
S 
_2x63,025 
f 17235 
T, =73.1 ib-in. 


2. Determine the application service factor 
that adjusts for the operating conditions 


of the coupling. A larger multiplier is used 
when greater stress is placed on the 
coupling. By applying a multiplier, the size 
cf the coupling is increased to adjust for 
severity of the load placed on the motor. 
From the table, the application service 
factor is 2.00. 


3. Calculate the coupling torque rating by 


multiplying the nominal torque rating of 
the power source by the service factor of 
the application. The coupling torque rating 
is calculated as follows: 


Tor = Tyg XSF 

where 

To, = Coupling torque rating, in lb-in. 
or lb-ft 

Tya = Nominal torque rating, in Ib-in. 
or Ib-ft 


SF = application service factor 


The nominal torque rating is 73.1 Ib-in. 
The application service factor is 2.00. The 
coupling torque rating for the conveyor 
application is calculated as follows: 


Tog = Typ XSF 


CR 


Tog = 73.12.00 
Tox = 146 Ib-in. 


4. Select a coupling with a torque rating 
equal to or greater than the calculated 
coupling torque rating. From the table, 
the coupling with the next greater torque 
rating is coupling number 10-105A, rated 
at 176 lb-in. 

5. Ensure that the coupling has the correct 
shaft size to fit the drive unit. The exact 
size of a rotor shafi can be determined 
by ihe motor frame number, located on 
the nameplate. A 2 HP motor typically has 
a 145T frame. The shaft size of a 145T 
frame is 7⁄4”. The coupling must have a 
bore size that accepts a %” shait. 
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Caan Service Factors 


| Service 
Factor 


Blowers 
Centrifugal 
Vane 


Maximum 


Coupling shock torque 


Number 


Compressors 
Centrifugal 
Vane 


Conveyors 
Uniformly loaded or fed 


Elevators 
Bucket 
Freight 


sSƏŅ43IN]J pue 
sumaqzsnhg 3A1g —uorneanddy 


Extruders 
Plastic 
Metal! 


Fans 
Light-duty 
Centrifugal 


Summary ... 


e Belt drives are relatively inexpensive, quiet, easy to maintain, and provide a wide range of speed and torque. 
e Centrifugal tension is the tension needed to offset the centrifugal force on the belt as it engages the pulley. 
e Belt creep is the natural movement of the belt on the face of the pulley when it is subjected to changes in tension. 


e Belt slip is the movement of a belt on the face of the pulley when belt tension is too low and the belt slides on 
the pulley. 


e V-belts transmit torque to and from a pulley through the wedging action of the tapered sides of the belt in the 
pulley groove. 


e Flat belts are commonly used in applications that require high speeds, low noise, and small pulley diameters. 


e Timing belts provide a drive system that has no slippage or creep, does not stretch, needs no lubricant, requires 
low belt tension, and has very little backlash. 


e Pulleys are used to change the speed of a driven load relative to the motor speed. 


e Mechanical drives are used to transfer torque as well as change the magnitude, direction, and speed of the ap- 
plied force. 


e A chain is used with sprockets to transfer torque from a motor to a load. 


e A gear is a toothed wheel used to transfer torque or motion from one gear to another or from one shaft to another 


using interlocking gear teeth. 
ep SS SSS SS SN 
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> The gear ratio determines how fast the driven gear rotates in relation to the drive gear. 


e A spur gear is a gear with straight teeth cut parallel to the shaft axis. 


e A pinion gear is the smaller of two meshing gears. A rack has teetlt spaced along a straight line. A pinion gear 
is used with a rack to convert rotary motion into linear motion. 


e A helical gear is a gear with teeth that are not parallel to the shaft axis. 

e A herringbone gear is a gear with two rows of helical teeth. 

e A bevel gear is a gear with straight tapered teeth used in applications where shaft axes intersect. 

e A worm is a screw thread that rotates the worm gear. A worm gear is a spur gear that is driven by a worm. 


e A gearbox is a sealed container that has an input shaft and an output shaft and houses at least one set of mating 
gears. 


e Couplings are the most common and least expensive method of connecting two shafts. 


e A clutch can be used instead of a direct coupling so that the load is connected to the motor shaft while the motor 
is running at its no-load speed. 


e An eddy-current clutch must operate with slip. Torque can be increased by increasing the slip or by increasing 
the field current in the rotor coils. 


Glossary... 


A flexible drive is a system in which a resilient flexible belt is used to drive one or more shafts. 
A V-belt is a flexible drive belt that has a cross-section in the shape of a V. 

A fractional-horsepower (FHP) V-belt is a V-belt designed for light-duty applications. 

A standard V-belt is a V-belt designed for moderate-duty applications. 


A narrow V-belt is a V-belt having a smaller cross section and a higher profile than a standard belt that is designed 
for heavy-duty applications. 


A flat beltis a belt that has a rectangular cross section and relies on friction for proper operation. 

A timing belt is a flat belt containing gear teeth that are used for synchronous drive systems. 

A sheave is a grooved wheel used to hold a V-belt. 

A mechanical drive is a combination of mechanical components that transfer torque from one location to another. 


A chain drive is a synchronous mechanical drive system that uses a chain to transfer torque from one sprocket 
to another. 


Roller chain is a chain that contains roller, pin, and connecting master links. 


Silent chain is a synchronous chain that consists of a series of links joined together with bushings and pins. 
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A gear drive is a synchronous mechanical drive system that uses the meshing of two or more gears to transfer 
motion from one shaft to another. 


A gear ratio is the ratio between the diameter of the drive gear and the driven gear. 

Backlash is the amount of movement, or play, between meshing gear teeth. 

A Spur gear is a gear with straight teeth cut parallel to the shaft axis. 

A helical gear is a gear with teeth that are not parallel to the shaft axis. 

A herringbone gear is a gear with two rows of helical teeth. 

A bevel gear is a gear with straight tapered teeth used in applications where shaft axes intersect. 
A worm is a screw thread that rotates the worm gear. 

A worm gear is a spur gear that is driven by a worm. 


A gearbox is a sealed container that has an input shaft and an output shaft and houses at least one set of 
mating gears. 


A coupling is a device that connects the ends of rotating shafts. 
A rigid coupling is a device that joins two precisely aligned shafts within a common frame. 


A flexible coupling is a coupling with a resilient center that flexes under temporary torque or misalignment due 
to thermal expansion. 


A clutch is a coupling between a motor and a load that connects or disconnects the motor shaft to a drive shaft 
while the motor is running. 


A friction clutch uses the force of friction between two or more rotating disks, drums, or cones to engage or 
disengage the two shafts. 


An eddy-current clutch uses a magnetic field to couple a motor to a load. 


1. Describe how a belt and pulleys are used to transfer torque from a motor to a load. 


2. Describe the difference between a fractional-horsepower V-belt, a standard V-belt, and a narrow V-belt. 
3. Explain the advantage of using a timing belt instead of another type of belt. 

4. Describe how a chain drive is used to transfer torque from a motor to a load. 

5. Describe how a gear drive is used to transfer torque from a motor to a load. 

6. List the common types of gears. 

7. Describe the operation of a friction clutch. 


8. Describe the operation of an eddy-current clutch. 


Refer to the CD-ROM 
for Quick Quiz questions |o 
related to chapter content. E 
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OBJECTIVES 


Describe the factors to consider when placing a motor. 

Describe soft foot and explain how it affects anchoring and alignment. 
Explain how the straightedge method is used to align a motor and load. 
Explain how the rim-and-face method is used to align a motor and load. 
Explain how the reverse dial method is used to align a motor and load. 


A motor must be coupled to a load in order to produce useful work. Flexible 


drives use belts and pulleys. Mechanical drives use chains or gears. 
Clutches are used to connect or disconnect a load to a motor while the 
motor is running. Drives and clutches can also be used to operate a load at 
a different speed than the motor. 
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Definition 


Alignment is the process 
where the centerlines of 
two machine shafts are 
placed within specified 
tolerances. 


Misalignment is the 
condition where the 
centerlines of two 
machine shafts are not 
aligned within specified 
tolerances. 


Offset misalignment is 
a condition where two 
shafts are parallel but 
are not on the same axis. 


Angular misalignment 
is a condition where one 
shaft is at an angle to the 
other shaft. 


SHAFT ALIGNMENT 


Alignment is the process where the cen- 
terlines of two machine shafts are placed 
within specified tolerances. The objective 
of proper alignment is to connect two 
shafts under operating conditions so all 
forces that cause damaging vibration 
between the two shafts and their bearings 
are minimized. The objective is to align 
the shafts, not the couplings. Couplings 
are imperfect. Aligning the couplings may 
result in misaligned shafts with aligned but 
irregularly shaped couplings. 


Misalignment 


Misalignment is the condition where the 
centerlines of two machine shafts are 
not aligned within specified tolerances. 
Properly aligned rotating shafts reduce 
vibration and add many years of service 
to equipment seals and bearings. As arule 
of thumb, misalignment of a coupling by 
0.004” can shorten its life by 50%. See 
Figure 17-1. 

Poor condition of equipment, such as 
worn bearings, bent shafts, stripped mount- 
ing bolts, bad gear teeth, or insufficient 
foundations or base plates, can create 
enough vibration to render any alignment 
effort useless. Once vibration starts, rapid 
wear of other components begins. 
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Misalignment exists when two shafts are 
not aligned within specific tolerances. Off- 
set misalignment is a condition where two 
shafts are parallel but are not on the same 
axis. Angular misalignment is a condition 
where one shaft is at an angle to the other 
shaft. Shaft misalignment is usually a combi- 
nation of offset and angular misalignment. See 
Figure 17-2. Offset and angular misalignment 
may be in the vertical or horizontal planes or 
both. Misalignment may be vertical angular- 
ity, vertical offset, horizontal angularity, or 
horizontal offset. Most misalignments are 
a combination of each type. 


Misalignment Types 
-TWO SHAFTS 

PARALLEL BUT 

NOT ON SAME 


SHAFT 
CENTERLINE 


COUPLING 


ONE SHAFT AT 
ANGLE TO 
OTHER SHAFT 


OFFSET 


ANGULAR 


TWO SHAFTS ON DIFFERENT 
AXES AND AT DIFFERENT ANGLES 


OFFSET AND ANGULAR 


Misalignment (in in.) 


Figure 17-2. Misalignment can be offset or 
angular, but is generally a combination of 
the two. 


Figure 17-1. A coupling misalignment of 0.004” can shorten the life of the 
coupling by 50%. 


MOTOR PLACEMENT 


Each element related to placing a motor has 
a direct effect on the alignment forces on the 
equipment. Motor placement must consider 
piping and plumbing and the condition of an- 
choring components such as bolts and wash- 
ers. Each component that directly or indirectly 
affects the proper alignment of machinery 
must be identified and considered before actu- 
al alignment begins. Considerations for good 
alignment include preparation of foundations 
and base plates; piping strain; anchoring; 
machinery adjustments during alignment; 
soft foot; and thermal expansion. 


Foundations and Base Plates 
Aligning any equipment begins with the foun- 
dation and base plate to which the equipment 
is anchored. A foundation is an underlying 
base or support. A base plate is a rigid steel 
support for firmly coupling and aligning two 
or more rotating devices. Foundations must 
be level and strong enough to provide sup- 
port without movement. Base plates must be 
rigid enough to firmly support the equipment 
without stress and be securely anchored to the 
foundation. See Figure 17-3. 

Originally, equipment base plates were 
made of thick cast iron that was strong enough 
to support the equipment in all operating con- 
ditions. The mounting surfaces were machined 
level. Currently, many equipment base plates 
are only sheet metal or plate metal welded or 
bolted to angle iron or I-beams. Flexing base 
plates must not be used. Good alignment is 
wasted when a flexing base plate is used. 

The feet on machines such as motors, 
gearboxes, and pumps must be checked for 
cracks, breaks, rust, corrosion, or the presence 
of paint. The contacting surfaces between the 
motor, pump, gearbox, etc., and the base plate 
must be smooth, flat, and free of paint, rust, 
or foreign materials. This equipment should 
be bolted to a base plate, not anchored to con- 
crete. The feet need to be inspected for burrs, 
rust, cracks, breaks, or any other damage. 
Finally, the couplings, shafts, and bearings 
need to be inspected for damage, contamina- 
tion, or inaccurate sizes. 


Chapter 17—Motor Alignment 373 


| Foundations and Base Plates 
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Figure 17-3. A clean, level base plate and foundation are required for proper 


alignment. 


Piping Strain 

Pipe and conduit connections, if improperly 
installed, and thermal expansion can produce 
enough force to affect machine alignment. 
To ensure that outside forces do not affect 
the proper motor alignment, motors should 
initially be aligned unattached from any 
piping if possible. Therefore, all plumbing 
must be properly aligned and have its own 
permanent support even when unattached. In 
some cases, flexible plumbing connections 
are necessary to separate stresses and vibra- 
tions between pump/motor and product lines. 
See Figure 17-4. 


| Definition 


A foundation is an un- 
derlying base or support. 


A base plate is a rigid 
steel support for firmly 
coupling and aligning two 
or more rotating devices. 
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Figure 17-4. Piping must be independently supported to prevent external 
forces from working against bearing and alignment tolerances. 


“Definition 


Anchoring is any means 
of fastening a mechanism 
securely to a base or 
foundation. 


Bolt bound is the condi- 
tion where the horizontal 
movement of a machine is 
restricted because the ma- 
chine anchor bolts contact 
the sides of the machine 
anchor holes. 


Anchoring 


Anchoring is any means of fastening a mech- 
anism securely to a base or foundation. Firm 
but adjustable anchoring of mechanisms ona 
base plate is accomplished using the proper 
mechanical fasteners (nuts, bolts, screws, 
etc.). Adverse anchoring includes bolt-bound 
machines, bolts or boltholes not of the proper 
size to allow for sufficient movement, and 
improper washers that create a dowel effect. 
Improper use, type, or fit of the anchoring 
bolts can make alignment of any machine 
impossible. See Figure 17-5. 


Proper Anchoring. A base plate that is 
drilled and tapped to anchor a machine must 
be a minimum thickness of 1 times the root 
diameter of the anchoring bolts. The threaded 
depth must be a minimum of 1% times the 
root diameter of the bolt when a base plate is 
thicker than 114 times the root diameter of the 
bolt. The correct grade and size of the anchor 
bolts must be used. If the base plate is less than 
1% times the bolt diameter, the mounting bolts 
require the use of washers, lock washers, and 


nuts. Mounting bolts require the use of nuts 
and lock washers if the base plate is less than 
1% times the bolt diameter. 


Bolt Bound. Bolt bound is the condition 
where the horizontal movement of a machine 
is restricted because the machine anchor bolts 
contact the sides of the machine anchor holes. 
Bolt-bound bolts prevent horizontal move- 
ment of a machine in any needed horizontal 
direction. This condition should be checked 
before any alignment checks begin. In many 
cases, bolt-bound conditions may be checked 
using a straightedge placed along the machine 
shafts to determine if enough horizontal 
movement is available for proper alignment. 
If sufficient movement is not available at 
the machine to be shimmed, all anchor bolts 
can be loosened and both machines shifted 
to try to align the machines. If repositioning 
both machines does not work, the anchor bolts 
must be turned down or the machine-mounting 
holes enlarged. Anchor bolts may be turned 
down without decreasing the tensile strength 
as long as the cut does not go beyond the root 
diameter (bottom portion) of the threads. Also, 
mounting holes may be enlarged, but this 
can lead to the dowel effect. In some cases, 
a combination of undercutting the bolt and 
enlarging the holes may be necessary. 


Excess Bolt Body. Bolts come in many 
lengths. Some anchor bolts with the same 
root diameter have different lengths for 
the unthreaded portion of the bolts. The 
unthreaded portion of the bolt does not fit 
into the tapped bolt hole and the bolt cannot 
be properly tightened without damaging the 
tapped bolt hole. The correct anchor bolts 
must be used in order to ensure that the 
proper amount of the threads is engaged in 
the bolt hole to provide the required holding 
strength and to ensure that the bolt can be 
tightened down on the machine foot. 


Bolt Bottoms Out. Base plates are drilled 
and tapped to create a bolt hole for the 
anchoring bolt. The bolt hole must be deep 
enough for the bolt and the threads must ex- 
tend far enough into the bolt hole to take the 
entire bolt length. If the hole or threads are 
not deep enough, the bolt bottoms out and 
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the bolt head cannot be tightened down on 
the machine foot. This situation should not 
be corrected by using a shorter bolt because 
that would reduce the holding strength. The 
bolt hole must be drilled and tapped to the 
correct length. 


Dowel Effect. The dowel effect is a condition 
that exists when the bolt hole of a machine is 


Anchoring 


ANCHOR 
BOLT 


WASHER 
SHIMS 


BASE 
PLATE 


so large that the bolt head forces the washer 
into the hole opening on an angle. Angled 
washers force the bolt to the center of the hole, 
making any horizontal movement impos- 
sible. The dowel effect is corrected by using 
machined washers two to three times thicker 
than the original washer. This prevents any 
deformation of the washer by bolt forces. 
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Definition 


The dowel effect is a 
condition that exists when 
the bolt hole of a machine 
is so large that the bolt 
head forces the washer 
into the hole opening on 
an angle. 


BE ANCHORED USING A WASHER, 
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Figure 17-5. Improper bolt-hole diameter, excessive bolt body or length, and weak washers can make alignment impossible. 
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Definition __ 


A jackserew is a screw 
inserted through a block 
attached to a machine 
base plate that is used 
to move a machine hori- 
zontally. 


PIPING 


0.125” SHIMS 


Machine Adjustments 


One machine, the motor or the load, is usu- 
ally chosen as the stationary machine (SM) 
and the other machine is chosen as the ma- 
chine to be shimmed (MTBS). The choice 
of which machine to move during alignment, 
the proper tools to use to prevent equip- 
ment damage, and the components used for 
precise movements must be known for an 
accurate, fast, and damage-free alignment. 
This knowledge includes the proper use and 
installation of jack screws and the proper use 
and selection of spacers and shim stock. 
Either machine may be the moved and 
shimmed machine, but the heaviest machine 
or the machine attached to plumbing is 
generally the SM. The motor is generally 
the MTBS. Regardless of which machine 
is moved, the SM must initially be higher 
than the MTBS to allow for proper vertical 
alignment. A common practice is to initially 
install the SM using 0.125” shims under 
each foot. This practice requires raising the 
MTBS, but prevents any vertical movement 
requirements of the SM. See Figure 17-6. 


Stationary Machine Shims_ 


oS ge i Sa 


SM—STATIONARY MACHINE 
MTBS- MACHINE TO BE SHIMMED 


SM 0.125” HIGHER 
TO START 


Figure 17-6. A machine is chosen as the MTBS because it is easier to move 


than the other machine. 


Jackscrews. A jackscrew is a screw inserted 
through a block attached to a machine 
base plate that is used to move a machine 
horizontally. Jackscrews should be installed 
on the base plate to easily and accurately 
control the horizontal movement of a ma- 
chine. Typical jackscrew blocks are about 
1%” x 2%” rectangular blocks made from 
14” or larger steel and are bolted or welded 
to the sides of the base plate with the jack- 
screws directly in-line with each mounting 
hole. Each jackscrew block is drilled and 
tapped to allow for a 1⁄2” bolt assembly. 
See Figure 17-7. 

Jackscrews are used for machine move- 
ment only. To prevent additional forces 
from being applied, jackscrew pressure 
must be backed each time the anchor bolts 
are tightened. Jackscrews are invaluable 
when a machine is to be moved just a few 
thousandths of an inch. A screwdriver or 
crowbar can be used for machine move- 
ment if it is not possible to install jack- 
screws or if they are not available. An 
easy, steady prying force is safer and less 
damaging than a blow from a hammer. 
A soft-blow hammer should be used if a 
hammer is necessary. 


Shim Stock. Shims are used as spacers 
between machine feet and a base plate. 
The feet of a machine must be firmly an- 
chored to the base plate without creating 
excessive forces or movement between 
mating shafts. It is rare for any machine 
to have all of its feet in contact with the 
base plate and also be within tolerance. 
Shims and spacers are used to adjust the 
height of a machine. Shim stock is used to 
make shims. Shim stock is manufactured 
in thicknesses ranging from 0.0005” to 
0.125”. Shim stock can be purchased as a 
sheet or roll or in precut shapes. A spacer 
is used for filling spaces 1⁄4” or greater. 
Good shim packs are laser cut with each 
size printed (not stamped) on the shim. 
When checking for accuracy, shims should 
be stacked with the printed size reversed 
on every other shim. This arrangement 
produces a true size and condition of the 
stack. See Figure 17-8. 
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Figure 17-7. A jackscrew is attached to a block that is bolted or welded to a machine base to allow precise control of hori- 
zontal movement. 
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Figure 17-8. Good shim quality ensures proper machine-to-base contact. 
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Befinition 


Runout is an out-of- 
round variation from a 
true circle. 


Soft foot is a condition 
that occurs when one or 


more feet of a machine do 


not make complete con- 
tact with its base plate. 


Parallel soft foot is a 
condition that ex- 

ists when one or two 
machine feet are higher 
than the others and par- 
allel to the base plate. 


Angular soft foot is a 
condition that exists 


when one machine foot is 


bent and not on the same 
plane as the other feet. 


To prevent stacking inaccuracies, the num- 
ber of shims or spacers on each foot should be 
limited to five or less. The combination that 
uses the fewest number of shims or spacers 
should be used because extra spring is added 
each time a shim is added to a stack. For 
example, a spacer and shim combination is 
required to raise a motor 0.683”. To keep the 
spacer to 1 piece and the shim stack to 5 or 
less, the spacer selected should be %” (0.625”) 
with the remaining 0.058” taken up by shims. 
Shim stacks used are sometimes based on the 
sizes available in a shim pack set. Variations 
for the 0.058” shim stack include one 0.050” 
and two 0.004” or two 0.025”, one 0.005”, 
one 0.002”, and one 0.001”. 


Shaft Runout. Runout is an out-of-round 
variation from a true circle. Any shaft that runs 
eccentric to the true centerline of a machine by 
more than 0.002” is very difficult to align and 
the runout should be corrected. An eccentric 
shaft produces high vibrations similar to those 
caused by a bent shaft. An eccentric shaft may 
be identified by the use of a dial indicator to 
measure the deviation from a true circular 
path. Shaft runout can be corrected by having 
the shaft recut. See Figure 17-9. 


Soft Foot 


Soft foot is a condition that occurs when one 
or more feet of a machine do not make com- 
plete contact with its base plate. A common 
reason for bearing failure is frame distortion 
due to soft foot. Distorted frames cause inter- 
nal misalignment to bearing housings, shaft 
deflection, and distorted bearings, resulting in 
premature bearing and coupling failure. This 
condition also creates great difficulty in shaft 
alignment. Before aligning, any machine that 
has soft foot must be shimmed for equal and 
parallel support on all feet. 

Soft foot should be checked on the 
MTBS and SM because soft foot can occur 
on any machine. Soft-foot tolerance must 
be within 0.002” of shaft movement. Soft 
foot may be parallel, angular, springing, or 
induced. Each is independent of the others. 
All four conditions may exist on the same 
machine. See Figure 17-10. 


Parallel. Parallel soft foot is a condition 
that exists when one or two machine feet 
are higher than the others and parallel to 
the base plate. Parallel soft foot occurs 
when a machine leg is longer or shorter 
than the others or when spacers of differ- 
ent thicknesses are used. Parallel soft foot 
is corrected by first rocking the machine 
from side to side to determine the highest 
foot. Feeler gauges are used to determine 
the air gap between the foot and base plate 
to within thousandths of an inch. 

Shim stock equal to the thickness of the 
soft-foot gap is placed under the high foot 


ECCENTRIC SHAFT and all four machine feet are rechecked. 
CIRCULAR PATH WITH RUNOUT The shims should be moved from under 
oie aca i the first foot to the other rocking foot if 
MAGNETIC soft foot is noticed under a foot that was 
not shimmed. The shim stock should be 
divided between the feet that were rocking 
if soft foot is noticed under two opposing 
feet. Checking more than once for proper 
parallel spacing is done as an attempt to 
find true, or close to true, parallel spacing 
without creating angular soft foot. 


BENT SHAFT 


METALLIC 
BASE PLATE 


Angular. Angular soft foot is a condition 
that exists when one machine foot is bent 
and not on the same plane as the other feet. 


Figure 17-9. An eccentric shaft produces large vibrations similar to those 
caused by a bent shaft. 


Generally, one corner of the angular foot is 
touching the base plate. Angular soft foot 
is usually caused by rough handling or by 
uneven mounting pads due to poor machin- 
ing or welding. Angular soft foot may be 
identified when a 0.002” feeler gauge can 
be placed under one side of a foot but not 
under the other side of the same foot. 
Angular soft foot can be corrected by 
machining the foot to be on the same plane 
as the other feet or by step shimming the 
foot to fill the gap. Step shimming begins 
by determining the direction and amount of 
slope and filling the sloping opening with 
a series of 5 or 6 shims placed at an angle. 
This is done by measuring the largest portion 
of the gap and dividing by 5 or 6, giving the 
thickness of each step. Finally, each shim 
is placed by hand, in steps, to fill the gap 
without lifting the machine. Shaft movement 
can be checked with a dial indicator while 
the machine bolts are tightened. 
Springing. Springing soft foot is a condition 
that exists when a dial indicator at the shaft 
shows soft foot but feeler gauges show no 
gaps. The machine acts as if it were mounted 
on springs due to each imperfection. This 


FOOT PARALLEL 
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condition occurs from shims that are burred 
or bent, corroded bases or feet, dirt, grease, or 
rust between the feet, shims, and base plate, 
or too many shims. 

Springing soft foot is prevented by using 

solid bases that are cleaned to the metal by 
removing all paint, grime, rust, and corro- 
sion. The top and bottom of the machine feet 
must also be free of rust, paint, and grime. 
Shims must be flat, clean, and without 
stamping imperfections. 
Induced. Induced soft foot is a condition 
that exists when external forces are applied 
to the machine. Forces such as coupling 
misalignment, piping strain, tight jack- 
screws, Or improper structural bracing can 
cause induced soft foot. Coupling forces 
from vertical or horizontal misalignment 
are noticed when couplings are difficult to 
bolt up or a spring or snap is observed as 
couplings are disconnected. 

Any external force in any direction to 
coupled pipe flanges on a pump strains the 
machine. This condition may be seen when 
checking for soft foot before, during, and 
after piping connections or when checking 
for structural bracing strain. 
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Figure 17-10. Soft foot may be parallel, angular, springing, or induced. 


Definition 


Springing soft foot is 

a condition that exists 
when a dial indicator at 
the shaft shows soft foot 
but feeler gauges show 
no gaps. 


Induced soft foot is a 
condition that exists 
when external forces are 
applied to the machine. 
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Measuring Soft Foot 


The two methods of measuring soft foot 
are the shaft deflection method and the at- 
each-foot method. See Figure 17-11. Both 
methods use a dial indicator with a magnetic 
base to determine movement. More than 
one set of readings must be made in the 
same direction of movement to ensure that 
readings are constant. When checking for 
soft foot, the anchor bolt for one foot at a 
time is loosened while keeping the bolts for 
the other three feet tightened. Angular soft 
foot must be corrected before either shaft 
can be aligned. The shaft deflection method 
is easier to use than the at-each-foot method 
because the indicator does not interfere with 
loosening the anchor bolts. 

Once soft foot conditions have been 
corrected, shaft alignment may begin. Shaft 
alignment is difficult or impossible if soft 
foot conditions have not been corrected to 
within tolerance. 


itech Fact _ 


The correct torque must be used when 
tightening anchor bolts. Excessive torque 
can cause bolt stretch or distortion in the 
base plate or machine frame. 
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Figure 17-11. Soft foot may be measured at the shaft or at each foot of the 


machine. 


Shaft-Deflection Method. In the shaft- 
deflection method, the shaft is checked for 
deflection when anchor bolts are tightened 
or loosened. See Figure 17-12. If the shaft 
moves more than 0.002”, critical distortion 
has occurred and correction is necessary. This 
method is quicker and more accurate than the 
at-each-foot method. The shaft-deflection 
method is performed as follows: 

1. Place a magnetic-base dial indicator on the 
base plate. Adjust it so the stem is above 
and perpendicular to the top of the shaft 
or coupling, whichever is the farthest from 
the MTBS. The farther the dial indicator 
is from the feet, the greater the dial move- 
ment and the greater the accuracy. 


2. Ensure that all four feet are anchored 
firmly and zero the dial on the indicator. 


3. Slowly loosen the bolt on the first foot. If 
the shaft moves more than 0.002”, place 
shim stock beneath that foot with a thick- 
ness equal to the amount of movement. 
Tighten the anchor bolt for that foot and 
recheck. Rezero the indicator and check 
and shim each foot individually until shaft 
movement is within the 0.002” tolerance. 


4. Recheck all feet. If one foot rises, check 
all feet for hidden angular soft foot. 
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Figure 17-12. The shaft-deflection method 
measures the movement of the shaft as each 
foot is loosened and tightened. 


At-Each-Foot Method. In the at-each-foot 
method, soft foot is measured at each foot of 
the machine. See Figure 17-13. The at-each- 
foot method is performed as follows: 

1. Place a magnetic-base dial indicator on 
the base plate at the foot to be tested. 
The dial indicator is adjusted so the 
stem is above and perpendicular to the 
top of the foot. 


2. Ensure that all four feet are anchored 
firmly and zero the dial on the indicator. 


3. Slowly loosen the bolt on the first foot. 
If the foot moves more than 0.002”, 
place shim stock beneath that foot 
with a thickness equal to the amount 
of movement. Tighten the anchor bolt 
for that foot and recheck. 


4. Move the indicator to another foot and 
rezero the indicator. Loosen the bolt 
and check the movement of the foot. If 
the foot moves more than 0.002”, place 
shim stock beneath that foot with a 
thickness equal to the amount of move- 
ment. Tighten the anchor bolt for that 
foot and recheck. Check and shim each 
foot individually until each foot move- 
ment is within the 0.002” tolerance. 


5. Recheck all feet. If one foot rises when 
rechecking, check all feet for hidden 
angular soft foot. 
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Figure 17-13. The at-each-foot method 
measures the movement of each foot as it is 
loosened and tightened. 
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The at-each-foot method is seldom 
used because it is slower and less ac- 
curate than the shaft deflection method. 
The biggest problem with this method is 
that it does not measure the actual move- 
ment of the shaft. If the front and back 
feet are close together with a long shaft, 
the shaft moves a relatively large amount 
for very small adjustments to the feet. If 
the front and back feet are far apart with 
a short shaft, the shaft moves a relatively 
small amount for very large adjustments 
to the feet. If this method is used, extra 
calculations are needed to correlate the 
foot movement tolerance with a shaft 
movement tolerance. 


Thermal Expansion 


Thermal expansion is the dimensional 
change in a substance due to a change 
in temperature. For proper alignment, 
two coupled shafts must be on the same 
horizontal and vertical plane under oper- 
ating conditions. However, there can be a 
significant change in physical dimensions 
when there is a temperature change from 
resting conditions to operating conditions 
and thermal expansion moves the load 
shaft. See Figure 17-14. 


_ Definition 


Thermal expansion is 
the dimensional change 
in a substance due to a 
change in temperature. 


Motors are used to drive many types of loads. The motor and load must be properly 
aligned to prevent damage and optimize useful life. 
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Figure 17-14. Cold machines can be intentionally misaligned to allow for 


thermal expansion. 
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Temperature changes may be caused by 
the temperature of product being pumped, 
excessive room or ambient temperature, or 
heat from a loaded motor. Pump manufac- 
turers often provide the amount of thermal 
expansion for a given temperature change. 
Manufacturers of motors and other equipment 
rarely provide this information. The thermal 
expansion can easily be calculated when it is 
not known. 

The change in material length for 
different materials can be calculated to 
determine specific alignments for thermal 
expansion. A material constant is used to 
calculate the amount of thermal expansion. 
Typical material constants are 0.0000063 
fòr cast iron, 0.000009 for stainless steel, 
and 0.0001 for plastic. Thermal expansion 
is found as follows: 


AL=LXATXC 


where 

AL = change in length, in in. 

L = original length, in in. 

AT = change in temperature, in °F 

C = material constant, in in./in.-°F 

For example, a cast-iron pump used to 

move a hot fluid changes temperature as the 
fluid moves through the pump at startup. The 
motor used to turn the pump is lightly loaded 
and does not get very hot during operation. 
Since the pump gets hot, the distance from the 
bottom of the feet to the centerline of the shaft 
increases. When the operating temperature of 
the pump increases from 75°F to 140°F, the 
temperature change is 65°F (140 ~ 75 = 65). 
The pump measures 15” from its basc to the 
centerline of the shaft. The change in length 
is calculated as follows: 


AL=LXxXAT XC 
AL = 15x65 x 0.0000063 
AL = 0.006” 


The horizontal plane of the motor should 
be increased by 0.006” because the pump 
shaft rises as it gets warmer while operating. 
A flexible coupling is normally required be- 
cause it must work for a cold startup as well as 
normal hot operating conditions. If the motor 
were to get hot during operation, that expan- 
sion would also need to be calculated. 


DIAL INDICATORS 


A dial indicator is a precise instrument 
that must be treated with care if it is to 
be a useful tool. Dial indicators must be 
mounted perpendicular to the surface being 
measured. Blows from mallets or hammers 
on a machine into an indicator can damage 
the indicator or throw off readings. Slow, 
forceful movements should be used when 
adjusting toward an indicator. 


Dial Indicator Use 


Dial indicators are read using the total move- 
ment of the dial needle. Readings do not have 
to begin at zero to determine total movement. 
Total indicator readings (TIRs) are used as 
indicator readings regardless of whether the 
needle begins before, at, or after zero. Total 
indicator readings are found by subtract- 
ing one reading from the other reading and 
taking the absolute value of the difference. 
See Figure 17-15. It does not matter which 
reading is subtracted from the other as long 
as the negative signs are accounted for. 

For example, readings on an indicator 
have an ending reading of +0.006” and a 
beginning reading of + 0.022”. The TIR is 
0.016” (0.006” — 0.022” = —0.016”). The 
absolute value is 0.016”. If the readings are 
subtracted in the opposite order, the result is 
still 0.016” (0.022” — 0.006” = +0.016”). 

The same method is used with dial read- 
ings that are negative. An indicator reading 
of —0.006” is subtracted from a reading of 
— 0.022” to give a TIR of 0.016” (—0.022” 
— (—0.006”) = —0.016”). The absolute value 
is 0.016”. If the readings are subtracted in 
the opposite order, the result is still 0.016” 
(-0.006” — (—0.022”) = + 0.016”). 

The same method is also used with mixed 
dial readings that include negative and posi- 
tive numbers. For example, an indicator read- 
ing of +0.022” is subtracted from a reading 
of —0.006” to give a TIR of 0.028” (0.006 
—(+0.022”) =—0.028”). The absolute value 
is 0.028”. 1f the readings are subtracted in 
the opposite order, the result is still 0.028” 
(+0.022” — (—0.006”) = +0.028”). 
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Dial indicator Readings 


+ 0.006 + 0.022 
—(+ 0.022) -(+ 0.006) 


ee 
TIR = 0.016 


(ABSOLUTE VALUE) 


-0.022 -0.006 
-(-0.006) -(¢0.022) 


ee 
TIR = 


0.016 
(ABSOLUTE VALUE) 


~ 0.006” 


-0.006 +0.022 
-(+0.022) -(0.006) 


TE EN em 
TIR = 0.0 


28” 
(ABSOLUTE VALUE) 


Figure 17-15. Dial indicators are read using 
the total movement of the dial needle and do 
not have to begin at zero. 
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The indicating device that measures the 
alignment of one shaft must be clamped or 
strapped to the opposing shaft. The entire 
assembly generally consists of the clamp 
or strap, a riser rod, two 90° rod couplings, 
a spanning rod, and an indicating device. 
The indicating device may be a dial indica- 
tor or an electronic indicator. The greater 
the distance between the rod couplings, the 
more the weight of the indicating device 
creates a sag in the spanning rod. See 
Figure 17-16. This sag can create errors if 
it is not accounted for in the calculations. 
Modern indicator kits have very little sag 
because of stiffer spanning rods. Older in- 
dicator kits with steel spanning rods often 
have significant sag errors. 
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180° ROTATION 
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Figure 17-16. The weight of the dial indicator deflects the spanning rod, 


causing rod sag. 


Electronic indicators calculate rod sag 
when measurements are keyed in. Rod sag 
from a dial indicator must be measured 
manually. All parts (rods, couplings, indica- 
tor) are assembled on a solid shaft or pipe 
using the established coupling distance. A 
solid shaft is helpful in determining rod sag 
because it is not misaligned. The dial indica- 
tor is adjusted to get a reading off the bar and 
then zeroed at the 12:00 position. The dial 
shows a negative reading at the 6:00 position 
equal to twice the actual amount of rod sag 
when the bar is rotated 180°. Record half of 
the total reading so it may be subtracted from 
the actual alignment readings. The actual sag 
is -0.005” if the readings on the bar indicated 
total sag of 0.010”. 

For example, an actual alignment reading 
indicates a rotational misalignment of 0.024”. 
This is divided by two, giving a vertical read- 
ing of 0.012”. The indicator rod sag of 0.005” 
is then subtracted from the vertical reading, 
giving an actual vertical offset reading of 
0.007” (0.012” — 0.005” = 0.007”). 


ALIGNMENT METHODS 


The three common methods used to align 
machinery include straightedge, rm-and-face 
(indicator and laser), and reverse dial (indica- 
tor and electronic). See Figure 17-17. All 
alignment techniques require that adjustments 
be made in a specific order. The specific order 
of shaft alignment adjustments is as follows: 

1. angular in the vertical plane (up-and- 

down angle) 


2. parallel in the vertical plane (up-and- 
down offset) 


3. angular in the horizontal plane (side-to- 
side angle) 

4. parallel in the horizontal plane (side-to- 
side offset) 


Once angular and parallel alignment in 
the vertical plane have been corrected, they 
generally are maintained when angular and 
parallel alignment in the horizontal plane are 
corrected. This step-by-step process is used 
regardless of the alignment method. Each 
corrective move should be double checked. 
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Accuracy Expectations 


The choice of alignment method is based 
on cost, accuracy required, ease of use, and 
time required to perform the alignment. 
The accuracy of any alignment is based on 
the skill level of the individual doing the 
alignment and the alignment method used. 
For example, straightedge measurements 
are usually made without the knowledge of 
coupling irregularities and require the feel 
of thickness gauge measurements. There- 
fore, the accuracy of straightedge alignment 
generally is no better than about Ye”. 


Alignment Methods 


Dial indicators and electronic measur- 
ing devices (except laser) measure in the 
thousandths of an inch, which allows for 
an alignment accuracy within 0.001”. Laser 
alignment methods are generally exact and 
quick with a possible accuracy of 0.0002”. 
Straightedge measurement equipment is the 
least expensive, dial indicators and electronic 
measurement equipment are more expensive, 
and laser measurement equipment is the most 
expensive. Laser equipment is generally con- 
nected to a computer or similar controller that 
performs all the calculations and speeds up 
the alignment process. 


RIM-AND-FACE 
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REVERSE DIAL ELECTRONIC REVERSE DIAL LASER RIM-AND-FACE 


Figure 17-17. The three common methods used to align machinery include straightedge, rim-and-face (indicator and laser), 
and reverse dial (indicator and electronic). 
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Alignment Tolerance. Alignment tolerance 
requirements of two or more shafts are 
based on the speed of the motor or drive 
unit. At times, a manufacturer may indicate 
the alignment tolerance for its machine. A 
shaft alignment tolerances chart may be 
used if manufacturer tolerances are not 
available. See Figure 17-18. This chart 
provides approximate values for equipment 
typically seen by electricians. There are no 
universally accepted values for all types of 
machines under all circumstances. 

For example, an electrician needs to align 
a pump and motor combination that has a 5” 
coupling and operates at 1200 rpm. The hori- 
zontal offset measured by the electrician is 
0.003” and the vertical offset measured by 
the electrician is 0.005”. From the chart, the 
maximum acceptable offset at 1200 rpm is 
0.004”. Therefore, the horizontal offset is 


within tolerance and the vertical offset is 
out of tolerance. 

The angularity values in the table are 
given in mils/in. One mil is 0.001” The 
value in the table must be multiplied by the 
size of the coupling. For a 1” coupling, the 
values are multiplied by 1, meaning that the 
values can be used directly from the table. 
For a5” coupling, the value in the table must 
be multiplied by 5. 

The measured horizontal angularity is 
0.005” and the measured vertical angularity 
is 0.006”. From the chart, the maximum ac- 
ceptable angularity at 1200 rpm is 1.0 mil/in. 

ince a 5” coupling is being used, the chart 
value is multiplied by 5 and the maximum 
acceptable angularity is 5.0 mil, or 0.005”. 
Therefore, the horizontal angularity is 
within tolerance and the vertical angularity 
is out of tolerance. 
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Figure 17-18. A shaft alignment tolerances chart gives suggested tolerances for different 


operating speeds. 


Horizontal Movements 


Angular and offset movements in the 
horizontal plane are normally made as 
jackscrews are screwed in and dial indica- 
tor movement is observed. To move the 
MTBS away 0.020”, a dial indicator is 
placed at the back edge of the machine base 
plate and directly in line with the adjust- 
ing jackscrew. The back jackscrews are 
backed out to allow the machine to move. 
The front jackscrew is turned in until the 
indicator registers a 0.020” movement. 
For horizontal movements, front and back 
refer to the direction of movement, not the 
location on the machine. Front is the side 
pushed upon, and back is the opposite side. 
See Figure 17-19. 

When only one indicator is used, a move- 
ment at one end of a machine changes the 
machine position at the other end, compli- 
cating accurate movement at both ends. 
To overcome possible confusion during 
horizontal movement, two indicators, one 
at each foot, are used to display exact front 
and back movement. 


Horizontal Movements 
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Angular Movements 


Angular movements are generally made 
by adjustments at two machine feet. To 
prevent compounding errors, new readings 
must be taken after each adjustment to the 
MTBS. To reduce the chances for error, 
dial indicators should be rotated in one 
direction. The indicator should be reset to 
the zero setting if movement direction has 
been reversed. Clock-position movements 
(clockwise/counterclockwise) are those 
viewed from the MTBS toward the SM. See 
Figure 17-20. Vertical or horizontal angu- 
larity corrections using shim stock must be 
performed at one location only, such as at 
the MTBS front feet or back feet. The op- 
posing feet are used as the angle pivot point. 
Offset adjustments may require that shims 
be placed under all the feet. 

Angular measurements are easier to 
interpret when it is realized that each 
misalignment angle in the same plane 
(vertical or horizontal) is the same whether 
it is measured at the coupling face or the 
misalignment at the feet of the machine. 
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Figure 17-19. Jackscrews are used to make movements in the horizontal plane. 
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Figure 17-20. The horizontal and vertical planes are defined by clock positions. Vertical angular movements are made by 
placing shims under the feet. 
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Measurements of distance and gap may 
be used to determine angularity and gap 
at any other distance. This principle can 
be used to determine the shim thickness 
to eliminate any angle. The required shim 
thickness at the desired distance is found 
as follows: 


D 
S=2gx— 
som 


where 

S = shim thickness (in in.) 

g = measured gap at coupling (in in.) 
d=distance between gap measurements 
(in in.) 

D=distance between adjustment and 
pivot points (in in.) 

For example, the mounting holes on the 
motor are 8”. The gap misalignment at 4” 
from zero is 0.041”. The shim-stock thick- 
ness at the motor is calculated as follows: 


D 
S=2x— 
aa d 
ga 
4 
S=0.041x2 
S = 0.082” 


The choice of which feet are adjusted 
and which act as the pivot is determined 
by the 6:00 reading. The front feet are 
shimmed if the 6:00 reading is positive 
(greater than the 12:00 reading). The back 
feet are shimmed if the 6:00 reading is 
negative. In this case, the measured gap 
at the face is —0.041” over a distance of 
4”. This shows that this measured gap can 
be used to calculate the required gap of 
0.082” over a distance of 8”. A shim or 
shims with a thickness of 0.082” must be 
placed under the front feet to eliminate 
the gap. 


Bitech Foct 


Sudden shock loads during startup and 
operation can damage couplings and cause 
misalignment. A coupling should operate 
quietly and smoothly. If a coupling vibrates 
or makes unusual sounds, the coupling and 
alignment should be rechecked. 


Straightedge Alignment 


Straightedge alignment is a method of cou- 
pling alignment in which a straightedge is 
used to align couplings and a taper gauge 
is used to measure the gap between the 
coupling halves. The reading on the taper 
gauge at the gap edge is the diameter of the 
gap at that point. A feeler gauge is used to 
measure offset. See Figure 17-21. A taper 
gauge is more reliable than a feeler gauge 
for measuring angular misalignment. 

Straightedge alignment is the oldest 
method used for measuring misalign- 
ment at couplings. This method is easy 
to understand and perform but is not very 
accurate. Any system with tolerances of a 
few thousandths of an inch must be read 
in thousandths of an inch. The straight- 
edge method is not accurate enough to 
align a system with that tolerance. With 
straightedge alignment, coupling hub 
face and OD runout must be checked and 
compensated for in making corrective cal- 
culations. Straightedge alignment is a good 
method for aligning a motor and load in 
slow movement applications with flexible 
couplings or for getting shafts close before 
using other alignment methods. 


GRADUATED 
READINGS 


| Definition 


Straightedge alignment 
is a method of coupling 
alignment in which a 
straightedge is used to 
align couplings and a 
taper gauge is used to 
measure the gap between 
the coupling halves. 


CHECKING GAP 
WITH A TAPER 
GAUGE 


Figure 17-21. The straightedge alignment method uses a straightedge, feeler 


gauge, and taper gauge to align couplings. 
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Vertical Plane. To begin alignment, the SM 
must be firmly anchored and the MTBS must 
be free to move. The angular misalignment 
in the vertical plane (up-and-down angle) 
should be checked with a taper gauge. See 
Figure 17-22. This measurement is made 
at the 12:00 and 6:00 positions on the shafts 
or couplings. 
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Figure 17-22. Straightedge alignment is generally used for rough align- 
ment with a flexible coupling or prior to using a more precise method of 
alignment. 


The difference between the 12:00 and 
6:00 readings is used to determine the thick- 
ness of the shim stock placed under the feet 
to eliminate the angle. Shim-stock thickness 
to eliminate angular misalignment in the 
vertical plane is based on the vertical angu- 
lar gap (gap at 12:00 minus gap at 6:00), the 
diameter of the coupling, and the distance 
between front and back MTBS mounting 
holes. Shim-stock thickness to eliminate 
angular misalignment in the vertical plane 
is found as follows: 


D 
Sie 
aF 


where 

S = shim thickness (in in.) 

g = measured gap at coupling (in in.) 

d = distance between gap measure- 
ments (in in.) 

D = distance between adjustment and 
pivot points (in in.) 

For example, a pump and motor assembly 
have a 5” diameter coupling. The distance 
between mounting holes on the MTBS is 
6.5”. The measured gap at the top of the 
coupling is 0.410” and the measured gap at 
the bottom of the coupling is 0.360”. The 
misalignment is 0.050” (0.410 — 0.360 = 
0.050). The distance between the gap mea- 
surements is 5”. The required shim-stock 
thickness is calculated as follows: 


D 
S=2x— 
5 
$= 0.050x 2 
5 
S= 0.050 x 1.3 
S = 0.065” 


The misalignment in the vertical plane 
is adjusted by placing shims with a thick- 
ness of 0.065” under both back feet of 
the MTBS because the gap between the 
couplings is wider at 12:00 (0.410%) than 
at 6:00 (0.360%). 

After the angular misalignment in the 
vertical plane has been corrected, the MTBS 
is checked for offset misalignment in the 
vertical plane (vertical offset). This is ac- 
complished by laying a straightedge across 
the top of the shafts or couplings. With 


the straightedge held firmly and parallel 
against the highest shaft or coupling, feeler 
gauges are slid into the offset to determine 
the distance that the MTBS must be raised 
or lowered. 

For example, feeler gauges are used 
to make an offset measurement of 0.055” 
with a straightedge placed on top of a 5” 
coupling. This means the MTBS must 
be raised 0.055”. After inserting shims 
equaling 0.055” under all four feet and 
tightening the mounting bolts, the an- 
gular position in the vertical plane and 
the offset position in the vertical plane 
should be rechecked before making the 
horizontal alignments. 


Horizontal Plane. The angular position 
in the horizontal plane (side-to-side angle) 
and the offset position in the horizontal 
plane (side-to-side offset) are checked 
and corrected similar to the verticai plane 
adjustments. These movements are ac- 
complished with the use of jackscrews. 
The angular position in the horizontal 
plane is checked with the jackscrews fin- 
gertight against the feet of the MTBS and 
the mounting bolts tight. The angular gap 
is checked with the taper gauge at the 3:00 
and the 9:00 positions. 

The adjustment to eliminate angular 
misalignment in the horizontal plane is 
based on the horizontal angular gap (gap 
at 3:00 minus gap at 9:00, or gap at 9:00 
minus gap at 3:00), the diameter of the 
coupling, and the distance between the 
front and back MTBS mounting holes. 
Horizontal adjustment to eliminate angular 
misalignment in the horizontal plane is 
found as follows: 


D 
OS Soe 
where 
S=distance to be moved at adjustment 
point (in in.) 
g = measured gap at coupling (in in.) 
d = distance between gap measure- 
ments (in in.) 
D = distance betwecn adjustment and 
pivot points (in in.) 
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For example, a pump and motor assembly 
have a 5’-diameter coupling. The distance 
between mounting holes on the MTBS is 
6.5”. The measured gap of the coupling at 
the 3:00 position is 0.193” and the measured 
gap at the 9:00 position is 0.069”. The mis- 
alignment is 0.124” (0.193 —0.069 = 0.124). 
The distance between the gap measurements 
is 5”. The amount of movement to correct 
the angular misalignment is calculated as 
follows: 


D 
Sspx= 
Boe 
Cane 2s 
5 
SSO S 
S= 0.161” 


The horizontal angular adjustment of 
0.161” is at the back foot (S,) because the 
gap is wider at the 3:00 position (0.193”) 
than at the 9:00 position (0.069”). The an- 
gular misalignment should be rechecked. 

Offset misalignment in the horizontal 
plane is corrected similarly to correcting 
offset misalignment in the vertical plane. 
After the horizontal angular measurement is 
completed, a straightedge and feeler gauge 
is placed at the 9:00 position and the offset 
is measured. 

For example, a straightedge placed at 
the 9:00 position of a 5” coupling shows an 
offset of 0.020”. The gap being between the 
straightedge and the MTBS coupling half at 
the 9:00 position requires the motor to be 
moved to the front a distance of 0.020” by 
the jackscrews. Recheck the angular posi- 
tion in the horizontal plane and the offset 
position in the horizontal plane after making 
any adjustments. 

Straightedge alignment is not necessar- 
ily true to the shaft axis because straight- 
edge alignment measures the condition 
of a coupling and shaft assembly along 
with machined surfaces of the coupling. 
Final results may easily be far from tol- 
erance if this method is used as the total 
alignment method. Upon completion of 
alignment, releasc (unscrew) any pressure 
from jackscrews. 
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Definition 


Offset misalignment is 
a condition where two 
shafts are parallel but 
are not on the same axis. 


Pulley Alignment. When installing offset 
drives of pulleys and belts, the three types 
of alignments to be checked are offset 
alignment, nonparallel alignment, and 
angular alignment. Pulley alignment is 
normally done with a long straightedge 
placed against the side of both sheaves. See 
Figure 17-23. 


Offset misalignment is a condition where 
two shafts are parallel but are not on the same 
axis. Offset misalignment may be corrected 
using a straightedge along the pulley faces. 
The straightedge may be solid or a string. 
Offset misalignment must be within Yio” per 
foot of drive center distance. Nonparallel 
misalignment is misalignment where two 
pulleys or shafts are not parallel. Nonparallel 
misalignment is also corrected using a string 
or straightedge. The device connected to the 
pulley that touches the straightedge at one 


OFFSET WITHIN Yo” PER FOOT 
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point is rotated to bring it parallel with the 
other pulley so that the two pulleys touch the 
straightedge at four points. Angular misalign- 
_ ment is a condition where one shaft is at an 
angle to the other shaft. Angular misalign- 
ment is corrected using a level placed on top 
of the pulley parallel with the pulley shaft. 
Angular misalignment must not exceed 12°. 


DRIVE CENTER 
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Rim-and-Face Alignment 


OFFSET 


Rim-and-face alignment is a method of 
coupling alignment in which the offset 
and angular misalignment of two shafts is 
determined by measuring at the rim and 
face of a coupling. See Figure 17-24. A dial 
indicator at the rim position measures offset 
directly under the indicator stem. Also, the 
difference in offset over the distance be- 
tween two indicators is the angularity. Be- 
fore shim size adjustments are determined, 
offset and angular gaps must be calculated 
and used to determine if a machine must be 
moved up, down, backward, or forward. 

Rim-and-face alignment may be accom- 
plished by using the individual rim-and-face 
method or the combination rim-and-face 
method. The combination method is con- 
siderably faster and more accurate than the 
individual method. 


Individual Rim-and-Face Alignment. The 
individual rim-and-face alignment method 
uses an indicator that is used to measure the 
coupling face (angularity) and then reposi- 
tioned to measure the coupling nm (offset). 
Rim and face readings must be taken with 
the coupling disconnected and both coupling 
halves rotated together. This is best accom- 
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Figure 17-23. Pulley misalignment is corrected by placing a straightedge 
across the pulleys and adjusting the position of the equipment so the pulleys 
touch the straightedge at four points. 


plished when a mark is made on both coupling 
halves and kept in-line as the couplings are 
rotated. By rotating both couplings, shaft cen- 
terlines are measured, whereas rotating only 
one shaft measures one shaft in relation to the 
opposing coupling face or diameter. 


Rim-and-Face Alignment 


DIAL INDICATOR 


COUPLING 


Figure 17-24. Dial indicators must be mounted 
perpendicular to the contact surface when 
used for rim-and-face alignment. 


Combination Rim-and-Face Alignment. 
The combination rim-and-face alignment 
method uses two dial indicators. One in- 
dicator reads the rim offset and the other 
reads the face to measure the angularity. 
Both indicators are assembled using rods 
and couplings placed at the same end of 
the spanning rod. The two indicators mea- 
sure the vertical and horizontal planes of 
the same shaft simultaneously. One dial 
indicator can be clamped on one coupling 
and rotated around with the foot of the 
indicator riding on the face of the other 
half to measure the angular misalignment. 
The other indicator is attached to the same 
spanning rod so that the foot of the indicator 
rides on the outer diameter of the coupling 
to measure the offset. 


Laser Rim-and-Face Alignment. Laser 
rim-and-face alignment is a method of 
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alignment. The laser rim-and-face method 
is used when accuracy and fast alignment 
are required. The initial cost of laser equip- 
ment is higher than that of other methods, 
but laser alignment is more accurate. 
Laser alignment devices operate using 
the rim-and-face method, with the dial 
indicator replaced with a laser beam. See 
Figure 17-25. The beam is directed to a 90° 
prism reflector, which is directed back to the 
sending unit where a receiving transducer 
(photo position detector) accepts the signal 
and converts it into an electrical signal. A 
benefit of using a laser beam is that there 
is no rod sag. The beam sensor is able to 
detect up and down movement. Offsets and 
angles are read and measured accurately 
when the return beam is detected at one po- 
sition (12:00) and then detected at another 
position (6:00). A computer or calculator 
measures offset directly by the location 
of the reflected beam and determines the 
angularity by measuring angles. 


MANY PHOTO 


| Definition 


Nonparallel misalign- 
ment is misalignment 
where two pulleys or 
shafts are not parallel. 


Angular misalignment 
is a condition where one 
shaft is at an angle to the 
other shaft. 


Rim-and-face alignment 
is a method of coupling 
alignment in which the 
offset and angular mis- 
aligninent of two shafts 

is determined by measur- 
ing at the rim and face of 
a coupling. 
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coupling alignment in which laser devices 
are placed opposite each other to measure 


Figure 17-25. Laser accuracy is based on being able to send a light beam, 
reflect it, and measure the location of the return beam. 
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Definition _ 


Laser rim-and-face 
alignment is a method 
of coupling alignment 
in which laser devices 
are placed opposite 
each other to measure 
alignment. 


Reverse dial alignment 
is a method of coupling 
alignment that uses two 
dial indicators to take 
readings of opposing 
sides of coupling rims, 
giving two sets of shaft 
runout readings. 


Once set up, laser alignment devices 
check soft foot, compensate for thermal 
expansion, indicate the movement of a 
machine during alignment, rapidly couple 
machines with multiple couplings, and de- 
termine shim placement. A graphic display 
presents the condition of each foot when 
checking for soft foot or angular soft foot. 
Finally, all rechecking is completed and 
corrected in a matter of seconds. 


Reverse Dial Alignment 


Reverse dial alignment is a method of cou- 
pling alignment that uses two dial indicators 
to take readings of opposing sides of cou- 
pling rims, giving two sets of shaft runout ` 
readings. Each indicator shows both angle 
and offset. Reverse dial indicator readings 
can be illustrated by a plotted layout. See 
Figure 17-26. Electronic reverse dial align- 
ment has mostly replaced manual reverse 


| ACTUAL ANGULAR 


dial alignment because of the complexity 
of the plotting and calculations. 

The plot shows the relative position of 
shaft centerlines and the indicator read- 
ing dimensions. Each square represents a 
‘horizontal and vertical measurement. In this 
plot, the horizontal squares are 1” per three- 
square division, providing a representative 
view of the overall machine dimensions. 
The vertical squares are 0.005” per divi- 
sion, providing a representative view of 
total indicator readings (TIRs). 

Plotting begins by drawing a horizon- 
tal centerline and placing a mark on the 
centerline that represents an indicator stem 
point. The appropriate number of squares 
is counted, and a mark is placed at the 
second indicator stem point. This distance 
represents the distance between the indica- 
tor stem points on the two shafts, shown as 
D, on the plot. 
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Figure 17-26. The reverse dial method uses a plot of the location of one shaft relative to the other to determine the adjust- 


ments needed. 
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To plot the MTBS shaft centerline, the 
MTBS reading is divided by two and plot- 
ted toward the top of the graph from one 
indicator stem point. For example, if the total 
MTBS reading is 0.046”, a mark is made 
0.023” toward the top of the graph from 
one of the indicator stem points (0.023” = 
4.6 squares). A line is drawn from this mark 
through the opposing indicator stem point. 

To plot the SM shaft centerline, the SM 
reading is divided by two and plotted toward 
the bottom of the graph from the other 
indicator stem point. A line is drawn from 
this mark through the opposing indicator 
stem point. For example, if the total SM 
reading is 0.034”, a mark is made 0.017” 
toward the bottom of the graph from that 
indicator stem point. These lines give offset 
and angular positions. The alignment objec- 
tive is to end up with both lines parallel. 
The difference between these lines should 
be adjusted for proper alignment. Plotting 
provides a graphic illustration as well as 
an indication of the movements required 
for alignment. In this case, any corrective 
move must be made by raising the SM or 
lowering the MTBS. 


Electronic Reverse Dial Alignment 


Electronic reverse dial alignment replaces 
dial indicators with electromechanical 
sensing devices. See Figure 17-27. The 
electronic reverse dial method is supported 
by computer-aided electronic instrumenta- 
tion. The sensing devices detect physical 
movement and convert the movement to an 
electrical signal, which is sent to a calculator. 
Physical dimensions must be entered by the 
electrician before the calculator can process 
an adjustment response. The calculator com- 
putes MTBS movements as its response. 
The electronic reverse dial method 
requires that two sensing devices be used, 
each attached to a coupling or shaft. Instal- 
lation is similar to using dial indicators 


where one sensor is opposite the other. 
Sensor wires must be secured with slack 
to prevent unwanted tugging forces. Some 
manufacturers of alignment kits recom- 
mend that the coupling be disconnected 
while others suggest that they be connected. 
Manufacturer’s recommendations must be 
followed. However, any force, including 
coupling force, can create enough resistance 
to produce adverse responses. 

The shafts are rotated together and read- 
ings are entered with the press of a button 
at the 12:00, 3:00, 6:00, and 9:00 positions. 
Some manufacturers recommend entering 
readings at 12:00, then forward (clockwise) 
to 3:00, back (counterclockwise) to 9:00, 
forward (clockwise) to 6:00, and back 
(counterclockwise) to 12:00. Any thermal 
expansion compensation information can 
be entered into the calculator. 


Electronic Reverse Dial Method g 
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Figure 17-27. In the electronic reverse dial method, electromechanical de- 
vices convert a mechanical movement into an electrical signal. 
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Application—Rim-and-Face 
Alignment 


Angular gap and offset information must be 
obtained before shim thickness and location 
can be determined. Angular gap and offset 
information used for shim placement is found 
by checking angular misalignment in the 
vertical plane (up and down), offset misalign- 
ment in the vertical plane (vertical offset), 
angular misalignment in the horizontal plane 
(side to side), and offset misalignment in the 
horizontal plane (side-to-side offset). The 
misalignment values are found by measuring 
with dial indicators. Combination rim-and- 
face alignment is performed by applying the 
procedure as follows: 


Application— Motor Alignment 


SPANNING ROD 


SAG = -0.009% FACE READINGS 


(ANGULARITY) | 


RIM READINGS 
(OFFSET) 


BASE PLATE 


JACK SCREWS 


Dial Indicator Data 
Reading Face Rim 
Position Reading Reading 

12:00 0.000 0.000 


G == | 


1. Check for angular misalignment in the 
vertical plane (up-and-down angle). 


Angular misalignment in the vertical plane 
is measured at the face of the coupling at the 
12:00'and 6:00 positions. The angular mis- 
alignment in the vertical plane is the absolute 
value of the difference between the face 
readings at the 12:00 and 6:00 positions. 


The shim-stock thickness to adjust for 
angular misalignment in the vertical plane 
can be found once the vertical angular gap 
is determined. The shim-stock thickness 
is based on the distance between gap 
measurements, the measured gap at the 
coupling, and the distance between front 
and back MTBS mounting holes (distance 
between adjustment and pivot points). 
Shim-stock thickness in the vertical plane 
is found by applying the formula: 


D 
S=gx— 
a 


where 
& = shim thickness (in in.) 
g = measured gap at coupling (in in.) 
d=distance between gap measurements 
(in in.) 
D= distance between adjustment and 
pivot points (in in.) 


From the table, the face reading at 12:00is 
0.000” and at 6:00 is -0.016”. The measured 


_ gap atthe coupling is the absolute value of the 


difference between the readings, or 0.016” 
(0.016 —0.000 = 0.016). From the illustration, 
the distance between the gap measurements 
is 5”. The distance between the adjustment 
and pivot points is 9”. The shim-stock thick- 
ness is calculated as follows: 


D 
S=gx— 
PoS 


5=0.016x2 
5 


S=0.016x1.8 
S = 0.029” 


Shim stock with a thickness of 0.029” is 
needed to correct the vertical misalignment. 
The shim stock is placed under the front feet 
because the 6:00 reading is negative. 
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2. Check for offset misalignment in the verti- 
cal plane (up-and-down offset). 


Offset misalignment in the vertical 
plane is checked by measuring the rim of 
the coupling at the 12:00 and 6:00 posi- 
tions. The shim-stock thickness to adjust 
for offset misalignment in the vertical 
plane can be found once the vertical offset 
is determined. The shim-stock thickness is 
based on the difference between the 12:00 
and 6:00 rim readings, adjusted for the 
rod sag. Shim-stock thickness to eliminate 
offset misalignment in the vertical plane 
is found as follows: 


where 

O,,= offset in vertical plane (in in.) 

R, = reading of rim at 12:00 (in in.) 

R, = reading of rim at 6:00 (in in.) 

RS = rod sag (in in.) 

From the table, the rim reading at 12:00 
is 0.000” and the rim reading at 6:00 
is —-0.021”. The rod sag is 0.009”. The 
offset in the vertical plane is calculated 
as follows: 


0, = Rox RRS 
2 
0.000 — (0.021) — 0.009 
O, = 
2 
0.000 + 0.021 — 0.009 
0, = 
2 
012 
o, =22 
2 
O, = 0.006” 


Shims with a thickness of 0.006” are 
placed under all the feet of the motor to 
correct the vertical offset misalignment. 
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3. Check for angular misalignment in the 
horizontal plane (side-to-side angle). 


Angular misalignment in the horizon- 
tal plane is checked by measuring the 
face of the coupling at the 3:00 and 9:00 
positions. The horizontal adjustment to 
eliminate angular misalignment in the 
horizontal plane is based on the horizontal 
angular gap, the diameter traveled by the 
face indicator tip, and the distance be- 
tween the front and back MTBS mounting 
holes. Horizontal adjustment to eliminate 
angular misalignment in the horizontal 
plane is found as follows: 


D 
S=gx— 
ae 


where 

S = shim thickness (in in.) 

g = measured gap at coupling (in in.) 

d=distance between gap measurements 

(in in.) 

D = distance between adjustment and 

pivot points (in in.) 

From the table, the face reading at 
3:00 is —0.006” and the face reading 
at 9:00 is —0.010”. The measured gap 
at the coupling is the absolute value of 
the difference between the readings, or 
0.004” (0.006 — (—0.010) = 0.004). From 
the illustration, the distance between the 
gap measurements is 5”. The distance 
between the adjustment and pivot points 
is 9”. The horizontal angular misalignment 
is calculated as follows: 


D 
Cae 
T 


S= 0.004 x2 


S=0.004 x 1.8 
S = 0.007” 


Jackscrews are used to move the 
machine 0.007” to correct the horizontal 
misalignment. 


JuawmUbyy 1010W —uonejjddy 


398 MOTORS 


Application— Motor Alignment 


4, Check for offset misalignment in the hori- 
zontal plane (side-to-side offset). 


Offset misalignment in the horizontal 
plane is checked by measuring the rim 
of the coupling at the 3:00 and 9:00 posi- 
tions. The shim-stock thickness to adjust 
for offset misalignment in the horizontal 
plane can be found once the horizontal 
offset is determined. The shim-stock thick- 
ness is based on the difference between 
the 3:00 and 9:00 rim readings. Rod sag 
deviation has no effect in the horizontal 
plane. Shim-stock thickness to eliminate 
offset misalignment in the horizontal plane 


is found as follows: 
R,-—R 
O = 3 9 

i 2 


where 


O,,= offset in horizontal plane (in in.) 
R, = reading of the rim at 3:00 (in in.) 
R, = reading of the rim at 9:00 (in in.) 


From the table, the face reading at 3:00 
is -0.022” and the face reading at 9:00 is 
0.001”. From the illustration, the distance 
between the gap measurements is 5”. The 
distance between the adjustment and 
pivot points is 9”. The horizontal offset is 
calculated as follows: 


R,-R. 
O = 3 9 
a 2 
_ -0.022 — 0.001 
l 2 
= 0.023 
2 
0, =-0.011” 


Jackscrews are used to move the machine 
0.011” to correct the horizontal misalignment. 
After all four adjustments have been made, 
all measurements should be taken again to 
verify that the changes resulted in the cor- 
rectly aligned motor and pump. 
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e The objective of proper alignment is to connect two shafts under operating conditions so all forces that cause 
damaging vibration between the two shafts and their bearings are minimized. 


e Misalignment may be vertical angularity, vertical offset, horizontal angularity, or horizontal offset. 


e Considerations for good alignment include preparation of foundations and base plates; piping strain; anchoring; 
machinery movement during alignment; and proper use of alignment methods or procedures. 


e The contacting surfaces between the motor, pump, gearbox, etc., and the base plate must be smooth, flat, and 
free of paint, rust, or foreign materials. 


e Pipe and conduit connections, if improperly installed, can produce enough force to affect machine alignment. 
e Improper use, type, or fit of the anchoring bolts can make alignment of any machine impossible. 


* One machine, the motor or the load, is usually chosen as the stationary machine (SM) and the other machine 
is chosen as the machine to be shimmed (MTBS). 


e Jackscrews are used for horizontal machine movement. Shims are used for vertical machine movement. 


¢ Soft foot occurs when one or more feet do not make contact with the base plate. Soft foot may be parallel, 
angular, springing, or induced. 


¢ The shaft-deflection method of measuring soft foot measures the deflection of the shaft as each foot is loosened. 
The at-each-foot method measures the movement of each foot as it is loosened. 


* Thermal expansion can cause misalignment, as the dimensions of a machine change when the temperature changes. 


e With dial indicators, total indicator readings (TIRs) are found by subtracting one reading from the other reading 
and taking the absolute value of the difference. 


e The spanning rod of an indicator assemble can deflect under the weight of the indicator, causing rod sag. 


* The three common methods used to align machinery include straightedge, rim-and-face (indicator and laser), 
and reverse dial (indicator and electronic). 


e With straightedge alignment, the reading on a taper gauge at the edges of coupling is the coupling angular gap. 
A feeler gauge is used to measure offset. 


e The three types of pulley alignments to be checked are offset alignment, nonparallel alignment, and angular 
alignment. 


e With rim-and-face alignment, a dial indicator at the rim position measures offset directly and the difference in 
offset over the distance between two indicators is the angularity misalignment. 


e Reverse dial alignment uses two dial indicators to take readings of opposing sides of coupling rims. 


er SS 
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Alignment is the process where the centerlines of two machine shafts are placed within specified tolerances. 


Misalignment is the condition where the centerlines of two machine shafts are not aligned within specified 
tolerances. 


Offset misalignment is a condition where two shafts are parallel but are not on the same axis. 
Angular misalignment is a condition where one shaft is at an angle to the other shaft. 

A foundation is an underlying base or support. 

A base plate is a rigid steel support for firmly coupling and aligning two or more rotating devices. 
Anchoring is any means of fastening a mechanism securely to a base or foundation. 


Bolt bound is the condition where the horizontal movement of a machine is restricted because the machine anchor 
bolts contact the sides of the machine anchor holes. 


The dowel effect is a condition that exists when the bolt hole of a machine is so large that the bolt head forces 
the washer into the hole opening on an angle. ~ 


A jackscrew is a screw inserted through a block attached to a machine base plate that is used to move a machine 
horizontally. 


Runout is an out-of-round variation from a true circle. 


Soft foot is a condition that occurs when one or more feet of a machine do not make complete contact with its 
base plate. 


Parallel soft foot is a condition that exists when one or two machine feet are higher than the others and parallel 
to the base plate. 


Angular soft foot is a condition that exists when one machine foot is bent and not on the same plane as the 
other feet. 


Springing soft foot is a condition that exists when a dial indicator at the shaft shows soft foot but feeler gauges 
show no gaps. 


Induced soft foot is a condition that exists when external forces are applied to the machine. 
Thermal expansion is the dimensional change in a substance due to a change in temperature. 


Straightedge alignment is a method of coupling alignment in which a straightedge is used to align couplings and 
a taper gauge is used to measure the gap between the coupling halves. 


Nonparallel misalignment is misalignment where two pulleys or shafts are not parallel. 


Rim-and-face alignment is a method of coupling alignment in which the offset and angular misalignment of two 
shafts is determined by measuring at the rim and face of a coupling. 


Laser rim-and-face alignmentis a method of coupling alignment in which laser devices are placed opposite each 
other to measure alignment. 


Reverse dial alignment is a method of coupling alignment that uses two dial indicators to take readings of op- 
posing sides of coupling rims, giving two sets of shaft runout readings. 
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1. List the main factors to be considered when placing a motor. 

2. List and describe anchoring problems that can occur when placing a motor. 

3. Describe jackscrews and shims and explain when they are used. 

4. List and describe the four types of soft foot. 

5. Describe how the shaft deflection method is used to measure soft foot. 

6. Describe thermal expansion and explain how to account for thermal expansion during alignment. 
7. Explain how to obtain a total indicator reading (TIR) from two readings of a dial indicator. 

8. List the order of adjustments that should be followed when adjusting alignment. 


9. Demonstrate how to calculate the shim thickness needed to adjust vertical angular misalignment when 
the measured gap at the coupling is 0.030”, the distance between mounting holes is 10”, and the distance 
between gap measurements is 4”. 


10. Demonstrate how to calculate the shim thickness required for vertical offset alignment when the reading at 
12:00 is 0.002”, the reading at 6:00 is 0.024”, and the rod sag is 0.005”. 
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Application—Electric Motor Drive Troubleshooting 
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OBJECTIVES 


Describe the major causes of motor failure. 

Explain how to troubleshoot AC motors. 

Explain how to troubleshoot DC motors. 

Explain how to troubleshoot motor controls and circuits. 
Explain how to identify unmarked motor leads. 


Motor failure occurs for a variety of reasons. More motors fail due to over- 
loading than for any other reason. Troubleshooting procedures vary for DC 
motors, single-phase AC motors, and 3-phase AC motors. DC motors 
require the most troubleshooting because of their brushes. Single-phase 


AC motors require more troubleshooting than 3-phase motors because of 
their centrifugal switches, capacitors, starting windings, and built-in 
thermal switches. 
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MOTOR FAILURE 


Electric motors are highly effective and 
reliable drivers of machinery and other 
loads. However, motors do fail at times. 
Each motor type has its advantages and 
disadvantages. For any given application, 
one type of motor generally offers the best 
performance. If a motor has a recurring 
problem, the motor and application may be 
mismatched. A change of motor type may 
be required for better service. 

Motor failure commonly occurs due to 
overheating, improper power supply, im- 
proper application, improper maintenance, 
and motor damage. Motor manufacturers 
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have found that overloading is one of the 
most common causes of motor failure. 
A motor is overloaded anytime it is re- 
quired to deliver more power than it was 
designed for. The most common type of 
overloading is placing a load on the motor 
that is too large for the motor design. See 
Figure 18-1. In addition, a motor that is 
turned OFF remains warm for some time. 
This warmth can attract insects, snakes, 
and rodents. These pests can damage a 
motor by restricting ventilation or cor- 
roding the insulation. In high-pest areas, 
a Special zip-seal jacket can be placed 
around the motor. 
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Figure 18-1. The most common type of overloading is placing a load on the motor that is too large for the motor design. 


Chapter 18—Troubleshooting Motors 405 


Overheating 


Overheating is a major cause of motor 
failure and a sign of other motor problems. 
As the temperature in a motor increases 
beyond the temperature rating of the insula- 
tion, the life of the insulation is shortened. 
The higher the temperature, the sooner the 
insulation will fail. When motor insulation 
is damaged, the windings short and the mo- 
tor is no longer functional. 

The temperature rating of motor insula- 
tion is listed as the insulation class. The 
insulation class is given in Celsius (°C) 
and/or Fahrenheit (°F). The motor name- 
plate typically lists the insulation class of 
the motor. See Figure 18-2. Heat buildup 
in a motor can be caused by several factors, 
such as: 

e Incorrect motor type or size for the ap- 
plication 

e Improper ventilation, usually from dirt 
buildup 


e Excessive load, usually from improper 
use 


e Excessive friction, usually from mis- 
alignment or vibration 


e Electrical problems, typically voltage 
unbalance, phase loss, or surge voltages 


Improper Ventilation. All motors pro- 
duce heat as they convert electrical energy 
to mechanical energy. This heat must be 
removed or it will destroy the motor insula- 
tion, and consequently the motor. Motors 
are designed with air passages that permit a 
free flow of air over and through the motor. 
This airflow removes the heat from the mo- 
tor. Anything that restricts airflow through 
the motor causes the motor to operate at a 
higher temperature than it is designed for. 
Airflow may be restricted by the accumu- 
lation of dirt, dust, lint, grass, pests, rust, 
etc. If the motor becomes coated with oil 
from leaking seals or from excess lubrica- 
tion, airflow is restricted much faster. See 
Figure 18-3. 

Overheating can also occur if the motor 
is placed in an enclosed area. When a mo- 
tor is installed in a location that does not 
permit the heated air to escape, the motor 


will overheat due to the recirculation of the 
heated air. Vents can be added at the top 
and bottom of the enclosed area to allow a 
natural flow of heated air. 


_ Overheating _ 


AMBIENT TEMPERATURE DECREASES 


PERMISSIBLE TEMPERATURE RISE 
INCREASES 


AMBIENT TEMPERATURE INCREASES 


PERMISSIBLE TEMPERATURE RISE 
DECREASES 


Listed Motor Permissible 
DE A Maximum Ambient 
Temperature Rise 


MOTOR 1 = 77°F (25°C) 104°F re rst Avan S e) 


MOTOR 2 = 86°F (30°C) | _104°F (40°C) | 18°F (10°C) 
MOTOR 3 = 95°F (35°C) 104°F (40°C) 9°F (5°C) 
MOTOR 4 = 104°F (40°C) 104°F (40°C) O°F (0°C)? 


* Least motor cooling required 
T Most motor cooling required 


Figure 18-2. The temperature rating of motor insulation is listed as the 
insulation class. 
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Figure 18-3. Anything that restricts airflow through the motor causes the 
motor to operate at a higher temperature than it is designed for. 


Definition 


Phase unbalance is the 
unbalance that occurs 
when lines are out of 
phase. 


Voltage unbalance is the 
unbalance that occurs 
when the voltages at the 
motor terminals are not 
equal. 


Improper Power Supply 


There are many situations where problems 
with the power source show up as problems 
at a motor. Common types of power prob- 
lems are phase unbalance, voltage unbal- 
ance, single phasing, and surge voltages. 


Phase Unbalance. Phase unbalance is the 
unbalance that occurs when lines are out of 
phase. Phase unbalance of a 3-phase power 
system occurs when single-phase loads are 
applied, causing one or two of the lines to 
carry more or less of the load. The loads of 
3-phase power systems are balanced by the 
electricians during installation. However, as 
additional single-phase loads are added to 
the system, an unbalance begins to occur. 
This unbalance causes the 3-phase lines to 
move out of phase, and are consequently no 
longer 120 electrical degrees apart. 

Phase unbalance causes 3-phase motors 
to run at temperatures higher than their listed 
ratings. The greater the phase unbalance, the 
greater the temperature rise. These high tem- 
peratures produce insulation breakdown and 
other related problems. See Figure 18-4. 


Three-phase motors cannot deliver their 
rated horsepower when a system is unbal- 
anced. For example, a phase unbalance of 
3% can cause a motor to work at only 90% 
of its rated power, requiring the motor to be 
derated for any given application. 


Voltage Unbalance. Voltage unbalance is 
the unbalance that occurs when the volt- 
ages at the motor terminals are not equal. 
This voltage unbalance can range from 
as little as a few millivolts to full voltage 
loss on one line. The voltage unbalance 
results in a current unbalance. If the volt- 
age is not balanced, one winding will 
overheat, causing thermal deterioration 
of that winding. 

Voltage should be checked for voltage 
unbalance periodically and during all ser- 
vice calls. Whenever more than 2% voltage 
unbalance is measured, the surrounding 
power system should be checked for ex- 
cessive loads connected to one line. If the 
voltage unbalance cannot be corrected, the 
load or motor rating should be reduced. 

Voltage unbalance is measured by tak- 
ing a voltage reading between each of the 
incoming power lines. See Figure 18-5. 
The readings are taken from L1 to L2, L1 
to L3, and L2 to L3. The average voltage 
is calculated and then the maximum volt- 
age deviation is found by subtracting the 
voltage average from each voltage and 
choosing the largest deviation from the 
average. The voltage unbalance is found 
as follows: 


V= “i x100 

Y 
where 
V = voltage unbalance (in %) 
V = voltage deviation (in V) 
V = voltage average (in V) 

For example, the voltage unbalance of a 
feeder system with readings of L1 to L2 = 
442 V, LI to L3 = 474 V, L2 to L3 = 455 V 
is calculated as follows: 

1. Turn disconnect OFF and measure the 
voltage between incoming power lines. 
The readings are taken from L1 to L2, 
LI to L3, and L2 to L3. 
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2. Calculate the average voltage, V.. V 1s the largest deviation from the aver- 
Pa 442 +474 4455 age. In this case, V,=17V. 
a A 4. Calculate the voltage unbalance, V.. 
Va SASA v, = £100 
3. Calculate the maximum voltage devia- j 
tion, V,,. V, E o 
V =442-457=-15 te 
V,= 474-457 =17 V, = 0.0372 x 100 
V =453 -491 ==} V =3.72% 
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Figure 18-4. Phase unbalance causes 3-phase motors to run at temperatures higher than their listed ratings. 
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Figure 18-5. Voltage unbalance is measured by taking a voltage reading between each of the incoming power lines. 
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Definition 


Single phasing is the 
operation of a motor 
designed to operate on 
three phases operating 
on only two phases be- 
cause one phase is lost. 


A voltage surge is any 
higher-than-normal volt- 
age that temporarily exists 
on one or more of the 
power lines. 


A troubleshooter can observe the black- 
ening of one or two of the stator windings, 
which occurs when a motor has failed due 
to voltage unbalance. If a large unbalance 
exists on one winding, it is darkened the 
most. If the unbalance is divided over two 
windings, they are both darkened. The 
winding that had the largest unbalance is 
the darkest. Single phasing is the maximum 
condition of voltage unbalance. 


Single Phasing. When one of the 3-phase 
lines leading to a 3-phase motor no longer 
delivers voltage to the motor, the motor 
will single phase. Single phasing is the 
operation of a motor designed to operate-on 
three phases operating on only two phases 
because one phase is lost. Single phasing 
occurs when one phase opens on either the 
primary or secondary power distribution 
system. This can happen when one fuse 
blows, there is a mechanical failure within 
the switching equipment, or lightning takes 
out one of the lines. See Figure 18-6. 

A 3-phase motor running on 2-phase will 
continue to run in many applications. There- 
fore, single phasing can go undetected on most 
systems for a long enough time to burn out a 
motor. When single phasing, the motor will 
draw all its current from two of the lines. 

Measuring the voltage at the motor will 
not usually detect a single phasing condi- 
tion. The open winding in the motor gen- 
erates a voltage almost equal to the phase 
voltage that was lost. In this case, the open 
winding acts as the secondary of a trans- 
former, and the two windings connected to 
power act as the primary. 

Single phasing can be reduced by using the 
proper-size dual-element fuse and by using 
the correct heater sizes. In motor circuits, or 
other types of circuits in which a single-phas- 
ing condition cannot be allowed to exist for 
even a short period, an electronic phase-loss 
monitor is used to detect phase loss. When a 
phase loss is detected, the monitor activates a 
set of contacts to drop out the starter coil. 

A troubleshooter can observe the blacken- 
ing of one of the 3-phase windings, which 
occurs when a motor has failed due to single 
phasing. The coil that experienced the voltage 


loss will indicate obvious and fast damage, 
which includes the blowing out of the insula- 
tion on the one winding. 

Single phasing is distinguished from volt- 
age unbalance by the severity of the damage. 
‘Voltage unbalance causes less blackening 
(but usually over more coils) and little or 
no distortion. Single phasing causes severe 
burning and distortion to one phase coil. 


Voltage Surges. A voltage surge is any 
higher-than-normal voltage that temporar- 
ily exists on one or more of the power lines. 
Lightning is a major cause of large surge 
voltages. A lightning surge on the power 
lines comes from a direct hit or induced 
voltage. The lightning energy moves in both 
directions on the power lines, much like a 
rapidly moving wave. This traveling surge 
causes a large voltage rise in an extremely 
short period. The large voltage is impressed 
on the first few turns of the motor windings, 
destroying the insulation and burning out 
the motor. 

A troubleshooter can observe the burn- 
ing and opening of the first few turns of 
the windings, which occur when a motor 
has failed due to a voltage surge. See Fig- 
ure 18-7. The rest of the windings appear 
normal, with little or no damage. 

Lighting arresters with the proper volt- 
age rating and connection to an exeellent 
ground assure maximum protection. Surge 
protectors are also available. These are 
placed on the equipment or throughout the 
distribution system. 

Voltage surges can also occur from 
normal switching of higher-rated power 
circuits. These are of much less magnitude 
than lightning strikes and usually do not 
cause any problems in motors. A surge 
protector should be used on circuits with 
computer equipment to protect sensitive 
electronic components. 


Bech roc 


Voltage surges can reach thousands of 
volts. They are often caused by lightning or 
when large, high-current loads are switched 
ON or OFF. 
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NORMAL VOLTAGE PEAK = 
NORMAL RMS VOLTAGE x 1.4 
(322 V PEAK = 230 V RMS) 


Electrical Apparatus Service S JOTACE 
Association, Inc. 


Figure 18-7. A voltage surge can cause burning and opening of the first few turns of the windings. 
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Definition __ 


An overload is the appli- 
cation of too much load 
to a motor. 


Overcycling is the process 
of turning a motor ON 
and OFF more often than 
the motor design allows. 


Electrical Apparatus Service 
Association, Inc. 


ALL WINDINGS 
EVENLY BLACKENED 


Improper Application 

Many motor failures occur because of 
application failures where the application 
does not match the motor. Common causes 
of application failures include overloads, 
overcycling, and exposure to moisture. 


Motor Overloading. An overload is the 
application of too much load to a motor. 
Motors attempt to drive the connected load 
when the power is ON. All motors have a 
limit to the load they can drive. A larger load 
requires more power and more current than 
a smaller load. An overload draws excess 
current that overheats a motor. 

Motor overloads should not harm a prop- 
erly protected motor. Any overload that is 
present longer than the built-in time delay 
of the protection device will be detected 
and removed. Properly sized heaters in 
the motor starter assure that an overload is 
removed before any damage is done. 

An overload can occur when overloads 
are improperly sized or applied. A trouble- 
shooter can observe the even blackening 
of all motor windings, which occurs when 
a motor has failed due to overloading. See 
Figure 18-8. The even blackening is caused 
by the slow destruction of the motor over 
a long period of time. There is no obvious 
damage to the insulation, and there are no 
isolated areas of damage. 
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Figure 18-8. Overloading causes even blackening of all motor windings. 


Current readings are taken at the mo- 
tor to identify an overload problem. See 
Figure 18-9. If the motor is drawing rated 
current, the motor is working to its maxi- 
mum. If the motor is drawing more than 
rated current, the motor is overloaded. If 
overloads become a problem, the motor 
size may be increased or the load on the 
motor decreased. 


Motor Overcycling. Overcycling is the 
process of turning a motor ON and OFF 
more often than the motor design allows. 
See Figure 18-10. Motor starting current is 
usually five to six times the full-load running 
current of the motor. Overcycling occurs 
when a motor is at its maximum operating 
temperature and still cycles ON and OFF. 
This will further increase the temperature of 
the motor, destroying the motor insulation. 
Totally enclosed motors can better withstand 
overcycling than open motors, because they 
can withstand heat longer. 

Several things can be done when over- 
cycling a motor is necessary. First, a motor 
with more overtemperature protection can 
be used. This can be a motor with an allow- 
able 50°C temperature rise instead of the 
standard 40°C temperature rise. It can also 
be a motor with a higher service factor, such 
as 1.25 instead of 1.00. The second option 
is to provide additional cooling by blowing 
air over the motor. 


Moisture. Moisture causes metal parts to rust 
and motor coil insulation to lose some of its 
insulating properties. A motor cools when it 
is turned OFF. This causes air (with its mois- 
ture) to be sucked into the motor. Motors that 
operate every day will heat enough to remove 
any moisture. Moisture is usually a problem 
for a motor that is seldom operated, or is shut 
down for a period of time. 

Any motor that is not operated on a regular 
basis should contain a heating element to keep 
the motor dry. If adding a heating element is 
not practical, a maintenance schedule calling 
for short operation of motors that are seldom 
used should be developed. This schedule 
should also consider new motor installations, 
since in some plants, motors may be installed 
some time in advance of the plant startup. 
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Motor Current Readings 
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4 4 t t 
NAMEPLATE 0%TO95% 95% TO 105% 105% + 


LISTED OFLISTED OFLISTED OF LISTED 
VALUE VALUE VALUE VALUE 


METER READING 


Motor 


TO POWER 
SOURCE 


Figure 18-9. Current readings are taken at the motor to identify an overload problem. 


Improper Maintenance 


Motor failures can occur because of im- 
proper maintenance. Common causes of 
motor failure from improper maintenance 
include improper belt tension and misalign- 
ment and vibration. 


Belt Tension. Belt drives provide a quiet, 
compact, and durable form of power trans- 
mission and are widely used in industrial 
applications. A belt must be tight enough 
not to slip, but not so tight as to overload 
the motor bearings. 


Motor Overcycling _ 


80 PSI 


oe LEAKS 


CAUSING 


HEAT OVERCYCLING ae 


Figure 18-10. Overcycling increases the 
temperature of the motor, destroying the mo- 
tor insulation. 


Belt tension is usually checked by placing 
a straightedge from sheave to sheave and 
measuring the amount of deflection at the 
midpoint, or by using a tension tester. Belt 
deflection should equal 1⁄4” per inch of span. 
For example, if the span between the center 
of the drive pulley and the center of the driven 
pulley is 16”, the belt deflection is 1⁄4” (16 x 
Yea = 1⁄4). If the belt tension requires adjust- 
ment, it is usually accomplished by moving 
the drive component away from or closer 
to the driven component. This reduces or 
increases deflection. See Figure 18-11. 
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Figure 18-11. A belt must be tight enough 
not to slip, but not so tight as to overload the 
motor bearings. 
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Misalignment and Vibration. Misalign- 
ment of the motor and driven load is a 
major cause of motor failure. If the motor 
and driven load are misaligned, premature 
failure of the motor bearings, load, or both 
may occur. Equipment shafts should be 
properly aligned on all new installations 
and checked during periodic maintenance 
inspections. Misalignment is usually cor- 
rected by placing shims under the feet of 
the motor or driven equipment. 

All motors produce vibration as they 
rotate. This vibration can loosen mechanical 
and electrical connections. Loose mechanical 
connections generally cause noise and can be 
easily detected. Loose electrical connections 
do not cause noise, but do cause a voltage 
drop to the motor and excess heat. Always 
check mechanical and electrical connections 
when troubleshooting a motor. 


Motor Damage 


Motor damage is any damage that occurs to 
a properly manufactured motor. The dam- 
age may occur before or during installation 
and during operation. A sound maintenance 
schedule and proper operation of a motor 
minimize the occurrence of motor damage. 

As with any machine, a motor can fail 
due to a motor defect or motor damage. 
A motor defect is an imperfection created 
during the manufacture of the motor that 
impairs its use. If it impairs initial motor 
operation, the defect is usually caught by 
the manufacturer. If the defect manifests 
itself after the motor has been in op- 
eration for some time, a troubleshooter 
determines that the problem is a defect 
in the motor. Motors with defects should 
be replaced, and the manufacturer should 
be notified. 

A troubleshooter can observe the effect 
when a motor has failed due to a defect, 
which is usually confined to a small 
area of the motor. Typical defects that 
may occur in a motor include windings 
grounded in the slot, windings grounded 
at the edge of the slot, windings shorted 
phase-to-phase, and shorted connections. 
See Figure 18-12. 


Motor Damag 
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NOTE: Current will not be the same on each 
line (T1, T2, and T3) when there is a 
phase-to-phase or phase-to-ground 
short. 


Figure 18-12. A motor can be damaged from 
a phase-to-ground short. 


AC MOTORS 


Troubleshooting is the systematic elimina- 
tion of the various parts of a system, cir- 
cuit, or process to locate a malfunctioning 
part. The first step of any troubleshooting 
procedure is to identify the symptoms of 
motor failure. The motor may have failed 
catastrophically and burned up, or it may be 
running hot. The motor may not start, or it 
may be vibrating severely. 


Troubleshooting 3-Phase Motors 


Three-phase motors have fewer components 
that may malfunction than other motor 
types. Therefore, 3-phase motors usually 
operate for many years without any prob- 
lems. If a 3-phase motor is the problem, 
the motor is serviced or replaced. Servicing 
often requires that the motor be sent to a 


motor repair shop for rewinding. If the mo- 
tor is less than 1 HP and more than five years 
old, it is normally replaced. If the motor is 
more than | HP, but less than 5 HP, it may 
be serviced or replaced. If the motor is more 
than 5 HP, it is usually serviced. 

The extent of troubleshooting performed 
on a 3-phase motor depends on the motor’s 
application. If the motor is used in an appli- 
cation that is critical to the operation or pro- 
duction, testing is usually limited to checking 
the voltage at the motor. If the voltage is 
present and correct, the motor is assumed 
to be the problem. Unless it is very large, 
the motor is usually replaced at this time so 
production can be resumed. If time is not a 
critical factor, further tests can be performed 
in order to determine the exact problem. See 
Figure 18-13. To troubleshoot a 3-phase mo- 
tor, apply the following procedure: 

1. Using a voltmeter, measure the voltage 
at the motor terminals. If the voltage 
is present and at the correct level on 
all three phases, the motor must be 
checked. If the voltage is not present 
on all three phases, the incoming power 
supply must be checked. 


2. If voltage is present but the motor is not 
operating, turn the handle of the safety 
switch or combination starter OFF. 
Lock out and tag the starting mechanism 
per company policy. 

3. Disconnect the motor from the load. 


4. After the load is disconnected, turn 
power ON to try restarting the motor. 
If the motor starts, check the load. 


5. If the motor does not start, turn it OFF 
and lock out the power. 


6. With an ohmmeter, check for open or 
shorted windings. Take a resistance 
reading of the T1-T4 coil. Since the 
coil winding is made of wire only, the 
resistance is low. However, there is 
resistance on a good coil winding. This 
coil must have a resistance reading. If 
the reading is zero, the coil is shorted. If 
the reading is infinity, the coil is opened. 
The larger the motor, the smaller the 
resistance reading. After the resistance 
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of one coil has been found, the basic 
electrical laws of series and parallel cir- 
cuits are applied. When measuring the 
resistance of two coils in series, the total 
resistance is twice the resistance of one 
coil. When measuring the resistance of 
two coils in parallel, the total resistance 
is one half the resistance of one coil. 


Troubleshooting Three-Phase Motors 
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Figure 18-13. The first step in troubleshooting a 3-phase motor is checking 
the voltage at the motor. 
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Troubleshooting Single-Phase 
Motors 


Most problems with single-phase motors 
involve the centrifugal switch, thermal 
switch, or capacitor. If the problem is in 
the centrifugal switch, thermal switch, or 
capacitor, the motor is usually serviced 
and repaired. However, if the motor is 
more than 10 years old and less than 1 
HP, the motor is usually replaced. If the 
motor is less than ’% HP, it is almost al- 
ways replaced. 


Shaded-Pole Motors. A shaded-pole 
motor has very low starting torque. It is 
generally limited to approximately~'/0 
HP and used for applications such as 
small fans and timing devices. Shaded- 
pole motors that fail are usually replaced. 
However, the reason for the motor failure 
should be found, if possible. If the motor 
failed due to a jammed load, etc., replac- 
ing the motor will not solve the problem. 
See Figure 18-14. To troubleshoot a shaded- 
pole motor, apply the following procedure: 
1. Turn power to the motor OFF. Visually 
inspect the motor. Replace the motor if 
it is burned, the shaft is jammed, or if 
there is any sign of damage. 


2. The only electric circuit that can be 
tested without taking the motor apart 
is the stator winding. With an ohm- 
meter, measure the resistance of the 
stator winding. Set the ohmmeter to 
the lowest scale for taking the reading. 
If the ohmmeter indicates an infinity 
reading, the winding is open. Replace 
the motor. If the ohmmeter indicates a 
zero reading, the winding is shorted. 
Replace the motor. If the ohmmeter 
indicates a low-resistance reading, the 
winding may still be good. Check the 
winding with a megohmmeter before 
replacing. 


fl Tech Fact 


When reversing a dual-voltage motor, care 
must be taken to ensure that the wires are 
attached to the correct voltages to ensure 

proper performance of the motor. 


Split-Phase Motors. A split-phase motor 
has a starting and running winding. The 
starting winding is automatically removed 
by a centrifugal switch as the motor acceler- 
ates. Some split-phase motors also include 
a thermal switch that automatically turns 
the motor OFF when it overheats. Thermal 
switches may have a manual reset or auto- 
matic reset. Caution should be taken with 
any motor that has an automatic reset, as 
the motor can automatically restart at any 
time. See Figure 18-15. To troubleshoot 
a split-phase motor, apply the following 
procedure: 

1. Turn power to the motor OFF. Visually 
inspect the motor. Replace the motor if 
it is burned, the shaft is jammed, or if 
there is any sign of damage. 

2. Check to determine if the motor is 
controlled by a thermal switch. If the 
thermal switch is manual, reset the 
thermal switch and turn motor ON. 


Troubleshooting Shaded- 
Pole Motors — 
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NOTE: Shaded-pole motors are small and 
inexpensive. Few tests are cost efficient. 


Figure 18-14. Shaded-pole motors that fail are 
usually replaced. However, the reason for the 
motor failure should be found, if possible. 


3. If the motor does not start, use a volt- 


meter to check for voltage at the motor 

terminals. The voltage should be within 

10% of the motor’s listed voltage. If 

the voltage is not correct, troubleshoot 

the circuit leading to the motor. If the 
voltage is correct, turn power to motor 

OFF so the motor can be tested. 

4. Turn the handle of the safety switch 
or combination starter OFF. Lock out 
and tag the starting mechanism per 
company policy. 

. With power OFF, connect the ohmmeter 
to the same motor terminals the incom- 
ing power leads were disconnected 
from. The ohmmeter will read the 
resistance of the starting and running 
windings. Since the windings are in 


Troubleshooting 
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parallel, their combined resistance is 
less than the resistance of either winding 
alone. If the meter reads zero, a short is 
present. If the meter reads infinity, an 
open circuit is present and the motor 
should be replaced. 


. Visually inspect the centrifugal switch 


for signs of burning or broken springs. 
If any obvious signs of problems are 
present, service or replace the switch. 
If not, check the switch using an ohm- 
meter. Manually operate the centrifugal 
switch. The endbell on the switch side 
may have to be removed. If the motor 
is good, the resistance on the ohmmeter 
will decrease. If the resistance does 
not change, a problem exists. Continue 
checking to determine the problem. 


) CHECK VOLTAGE 
AT MOTOR 
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Figure 18-15. Split-phase motors have a centrifugal switch that should be checked after the 
coils are checked. 
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Capacitor Motors. A capacitor motor 
is a split-phase motor with the addition 
of one or two capacitors. Capacitors 
give the motor more starting and/or run- 
ning torque. Troubleshooting capacitor 
motors is similar to troubleshooting 
split-phase motors. The only additional 
device to be considered is the capacitor. 
See Figure 18-16. 

Capacitors have a limited life and are 
often the problem in capacitor motors. 
Capacitors may have a short circuit or an 
open circuit or may deteriorate to the point 
that they must be replaced. Deterioration 
can also change the value of a capacitor, 
which can cause additional problems. When 
a capacitor short-circuits, the winding in 
the motor may burn out. When a capacitor 
deteriorates or opens, the motor has poor 
starting torque. Poor starting torque may 
prevent the motor from starting, which will 
usually trip the overloads. 


Troubleshooting 
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Capacitor Motors 


All capacitors are made with two conduct- 
ing surfaces separated by dielectric material. 
Dielectric material is a medium in which an 
electric field is maintained with little or no 
outside energy supply. It is the type of mate- 
‘rial used to insulate conducting surfaces of 
a capacitor. Capacitor insulation is either oil 
or electrolytic. Oil capacitors are filled with 
oil and sealed in a metal container. The oil 
serves as the dielectric material. 

More motors use electrolytic capacitors 
than oil capacitors. Electrolytic capacitors are 
formed by winding two sheets of aluminum 
foil separated by pieces of thin paper impreg- 
nated with an electrolyte. An electrolyte is a 
conducting medium in which the current flow 
occurs by ion migration. The electrolyte is 
used as the dielectric material. The aluminum 
foil and electrolyte are encased in a cardboard 
or aluminum cover. A vent hole is provided to 
prevent a possible explosion in the event the 
capacitor is shorted or overheated. 


(CJ) REMOVE 
CAPACITOR 
COVER AND 
CAPACITOR 
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Figure 18-16. Capacitor motors are similar to split-phase motors with the addition of a capacitor. 


AC capacitors are used with capacitor 
motors. Capacitors that are designed to 
be connected to AC have no polarity. To 
troubleshoot a capacitor motor, apply the 
following procedure: 

1. Turn the handle of the safety switch 
or combination starter OFF. Lock out 
and tag the starting mechanism per 
company policy. 

2. Using a voltmeter, measure the voltage 
at the motor terminals to make sure the 
power is OFF. 


3. Capacitors are on the outside frame of the 
motor. Remove the cover of the capaci- 
tor. Caution: A good capacitor will hold 
a charge, even when power is removed. 


4. Visually check the capacitor for leak- 
age, cracks, or bulges. Replace the 
capacitor if damage is present. 


5. Remove the capacitor from the circuit 
and discharge it. To safely discharge a 
capacitor, place a 20 kQ, 5 W resistor 
across the terminals for five seconds. 

6. After the capacitor is discharged, con- 
nect the ohmmeter leads to the capacitor 
terminals. The ohmmeter will indicate 
the general condition of the capacitor. A 
capacitor is either good, weak, shorted, 
or open. 

* Good capacitor. The needle will swing 
to zero resistance and slowly move 
across the scale to infinity. When the 
needle reaches the halfway point, re- 
move one of the leads and wait 30 sec- 
onds. When the lead is reconnected, 
the needle should swing back to the 
halfway point and continue to infinity. 
This shows the capacitor can hold a 
charge and is not the problem. 

e Weak capacitor. When the lead is re- 
connected and the needle swings back 
to zero resistance, the capacitor cannot 
hold a charge and must be replaced. 

e Shorted capacitor. The needle will 
swing to zero and not move. The ca- 
pacitor is bad and must be replaced. 

e Open capacitor. The needle will not 
move from infinity. The capacitor is 
bad and must be replaced. 
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DC MOTORS 


Direct current motors are often used in ap- 
plications that require very high torque. To 
produce the high torque, the outside power 
supply is connected to both the armature and 
field. A commutator and brushes are used to 
supply power to the rotating field. Because 
of their brushes, DC motors generally re- 
quire more repair than motors that do not 
use brushes. The brushes should be checked 
first when troubleshooting DC motors. 


Troubleshooting Brushes 


Brushes wear faster than any other com- 
ponent of a DC motor. Brush wear may be 
mechanical or electrical. Mechanical wear 
is wear on the contact surface of the brush 
as spring pressure forces the brush against 
the commutator. Carbon brushes running 
on a commutator form a thin, low-friction 
film composed of copper oxide, water, and 
micrographite particles. The film reduces 
friction and extends brush life. Light load- 
ing on a motor sometimes inhibits the cre- 
ation of the film and the resulting friction 
can quickly erode the brush. 

Electrical wear resulting from contami- 
nated film increases the resistance between 
the brush and the commutator surface. 
Contamination can increase the air gap, 
resulting in sparking. Sparking occurs as 
the current passes from the commutator to 
the brushes. Sparking causes heat, burning, 
and wear of electric parts. 

Seating is the process of mating the 
surface of a brush to the surface of the 
commutator. Seating is important for good 
contact between the brushes and the com- 
mutator. Brushes can wear excessively and 
overheat if they do not fit properly against 
the commutator. If brushes overheat, they 
can cause burn marks or pitting on the com- 
mutator. The spring in the brush rigging can 
also become overheated and damaged. 

On large machines that contain multiple 
sets of brushes to handle large currents, only 
one set of brushes should be changed at a 
time. This allows the new brushes to seat 
while the cxisting sets continue to run, al- 
lowing the new brushes to seat properly. 
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The condition of the brushes and their 
holders is extremely important for good mo- 
tor operation. The brushes should be checked 
every time the motor is serviced. Most DC 
motors are designed so that the brushes and 
the commutator can be inspected without 
disassembling the motor. Some motors re- 
quire disassembly for close inspection of the 
brushes and commutator. If the motor is still 
operable, observe the brushes as the motor is 
operating. The brushes should be riding on 
the commutator smoothly, with little or no 
sparking. There should be no brush noise, 
such as chattering. Brush sparking, chattering, 
or a rough commutator indicates service is 
required. See Figure 18-17. To troubleshoot 
brushes, apply the following procedure: 
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Figure 18-17. The brushes should be checked every time the motor is ser- 
viced and whenever a motor problem exists. 


1. Turn the handle of the safety switch 
or combination starter OFF. Lock out 
and tag the starting mechanism per 
company policy. 

2. Using a voltmeter, measure the voltage 
at the motor terminals to make sure the 
power is OFF. 


3. Check the brush movement and ten- 
sion. The brushes should move freely 
in the brush holder. The spring tension 
should be approximately the same on 
each brush. Remove the brushes. 


4. Check the length of the brushes. Brushes 
should be replaced when they have worn 
down to about half of their original size. 
Some brushes have a small wear mark. A 
brush should be replaced when it wears 
down to the mark. If any brush does not 
have a wear mark, it should be replaced 
if it is less than half its original length. 
Brushes should be replaced as a set. They 
should never be replaced individually. 


5. Check the position of the brush holder 
in relationship to the commutator. The 
brush holder should be “se” to 1” from 
the commutator. If the brush holder is 
closer, the commutator may be dam- 
aged. If the brush holder is too far away, 
the brush may break. 


6. Check for proper brush pressure with a 
brush pressure tester. Too little pressure 
causes the brushes to arc excessively and 
groove the commutator. Too much pres- 
sure causes the brushes to chatter and wear 
faster than normal. When checking brush 
pressure, remove the endbell on the side 
in which the commutator is located. Pull 
back on the gauge, noting the pressure at 
which the piece of paper is free to move. 
Divide this reading by the contact area of 
the brush to get actual brush pressure in 
psi. Typical values of brush pressure are 
about 1.5 to 5 psi. If the original spring 
is in good condition, it should provide 
the proper pressure. If the spring is not in 
good condition, replace with one of the 
same type. Always replace brushes with 
brushes of the same composition. Check 
manufacturer’s recommendations for type 
of brushes to use. 


Setting Brush Neutral. Commutation is 
the short circuiting of the coil and any cur- 
rent induced in that coil flows through the 
brushes via the commutator segment. Since 
the brushes and the commutator segment 
offer no limit to the current, the current can 
be high and may destroy the brushes and 
the commutator. Brush neutral must be set 
by rotating the brush rigging to the correct 
position to aid in commutation of the arma- 
ture. This sets the brush across the segments 
of the armature windings to be commutated 
(short-circuited) at the moment that they see 
the fewest lines of flux. 

Setting brush neutral requires a center- 
ing VOM meter connected across adjacent 
brush holders. For a two-pole motor, the 
leads will be connected across the two brush 
riggings. For this procedure, the fields have 
to be flashed, or connected and then discon- 
nected, to provide the expanding and then 
collapsing magnetic fields necessary for 
induction in the armature. 

When the fields are connected to power, 
the meter deflects in one direction and 
then moves back to center. When the fields 
are disconnected from power, the meter 
deflects in the opposite direction and then 
moves back to center. The meter should 
be allowed to stop moving before discon- 
necting the fields. Through trial and error, 
the brush rigging needs to be rotated to the 
position where the least amount of deflec- 
tion is noted when the fields are connected 
and disconnected. Each time the position is 
checked, the rigging must be tightened to 
make for an accurate test. 


Troubleshooting Commutators 


Brushes wear faster than the commuta- 
tor. However, after the brushes have been 
changed once or twice, the commutator 
usually needs servicing. Any markings on 
the commutator, such as grooves or ruts, or 
discolorations other than a polished, brown 
color where the brushes ride, indicate a 
problem. See Figure 18-18. If the commu- 
tator is pitted or has burrs, it can be repaired 
with a stone or on a lathe. The brushes need 
to be reseated after a commutator has been 
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repaired. To troubleshoot commutators, 
apply the following procedure: 

1. Make a visual check of the commuta- 
tor. The commutator should be smooth 
and concentric. A uniform dark copper 
oxide carbon film should be present 
on the surface of the commutator. This 
naturally occurring film acts like a 
lubricant by prolonging the life of the 
brushes and reducing wear on the com- 
mutator surface. 


2. Check the mica insulation between 
the commutator segments. The mica 
insulation separates and insulates each 
commutator segment. It should be 
undercut (lowered below the surface) 
approximately 1⁄2” to 46”, depending 
upon the size of the motor. The larger 
the motor, the deeper the undercut. Re- 
place or service the commutator if the 
mica is raised. 
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Figure 18-18. A visual check of a commuta- 
tor includes inspecting the mica between the 
commutator segments. 


420 MOTORS 


Troubleshooting DC Motors 


In addition to problems with brushes 
and commutators, other problems in DC 
motors include overloads, bearings, or a 
problem with the motor windings. Some 
problems can be repaired in the field, 
depending on the size of the motor and 
the extent of the problem. In many cases, 
the motor must be replaced and sent out 
for repair. In order to isolate the location 
of a problem, it must be determined if the 
problem is at the motor, upstream of the 
motor, or downstream from the motor. To 
troubleshoot DC motors, apply the follow- 
ing procedure: = 
1. Check the voltage at the motor terminals 
with a voltmeter or DMM. If the meter 
shows that the correct voltage is present, 
the problem is in the motor or load. If 
the meter shows that the correct voltage 
is not present, the problem is upstream 
of the motor, and the starter or drive, the 
control circuit, and the power system 
should be checked. 


2. If the correct voltage is present at the 
motor, disconnect the motor from the 
load. If the motor starts without the 
load, the problem is with the load. If 
the motor starts without the load but 
vibrates excessively, the problem is 
with the coupling or bearings or with 
loose field windings. It is also possible 
for a motor to overheat or not be able 
to turn the load. The motor needs to be 
replaced or repaired in the field. If the 
motor does not start without the load, 
the problem is probably an open in one 
of the windings or an open between the 
brushes and the armature. All windings 
must be operating properly for the mo- 
tor to function properly. 


3. Check the field winding for an open or 
short. Before checking the windings, 
all power needs to be removed from the 
motor. All the coils should have conti- 
nuity. Any reading of infinite resistance 
indicates an open circuit. All the coils 
should have some resistance. Any read- 
ing of 0 Q indicates a short somewhere 
in the circuit. 


Troubleshooting Windings. For a DC 
series motor, an ohmmeter is used to check 
the series winding at terminals S1 and S2. 
See Figure 18-19. A reading of infinite 
resistance between S1 and S2 indicates 
„that there is an open in the series winding. 
A reading of infinite resistance between 
Al and A2 indicates there is a problem 
with the armature winding. The armature 
winding circuit also includes the brushes 
and commutator. 

For a DC shunt motor with a sepa- 
rately-excited shunt field, a reading can 
be taken directly at terminals F1 and F2. 
For a DC shunt motor with a self-excited 
shunt field, the shunt winding needs to 
be isolated from the armature winding by 
disconnecting the leads where the field 
and shunt windings are connected before 
checking at terminals F1 and F2. This is 
done by removing the jumper between 
Al and F1 or the jumper between A2 
and F2. A reading of infinite resistance 
between S1 and S2 indicates that there 
is an open in the series winding. A read- 
ing of infinite resistance between Al and 
A2 indicates there is a problem with the 
armature winding. 

For a DC compound motor, the shunt 
winding needs to be isolated from the 
armature winding by removing the series 
connection between the armature winding 
and the series winding. This is done by 
removing the jumper between A2 and S1. 
The shunt winding is tcsted by checking at 
terminals F1 and F2. The series winding is 
tested by checking at terminals S1 and S2. 
The armature winding is tested by check- 
ing at terminals Al and A2. Any reading 
of infinite resistance indicates that there is 
an open in that winding. 


COS 


Control transformers are used to step down 
the voltage for motor control circuits. Small 
units operating at 120/24 V are common 

in small commercial buildings. They are 
used to supply control voltages for HVAC 
systems. Control transformers should be 
checked when troubleshooting motors that 
do not start. 
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Figure 18-19. An ohmmeter is used to check the windings at the terminals. 
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Definition 


The tie-down trouble- 
shooting method is a test- 
ing method in which one 
DMM probe is connected 
to either the L2 (neutral) 
or LI (hot) side of a cir- 
cuit and the other DMM 
probe is moved along a 
section of the circuit to be 
tested. 


MOTOR CONTROLS 


Troubleshooting motor controls requires an 
organized, sequenced approach and requires 
the use of electrical test equipment, drawings 
and diagrams, and manufacturer specifica- 
tions. Troubleshooting motor controls often 
involves troubleshooting contactors and mo- 
tor starters, starting circuits, and circuit faults. 
The most common troubleshooting method is 
the tie-down troubleshooting method. 


Tie-Down Troubleshooting 
Method 


The tie-down troubleshooting method is a 
testing method in which one DMM probe is 
connected to either the L2 (neutral) or L1 (hot) 
side of a circuit and the other DMM probe 
is moved along a section of the circuit to be 
tested. The tie-down troubleshooting method 
allows a troubleshooter to work quickly on a 
familiar circuit that is small enough for the test 
probes to reach across the test points. 

When using the tie-down troubleshoot- 
ing method, one DMM test lead should 
be placed (tied down) on the L2 (neutral) 
conductor, and the other lead should be 
moved through the circuit starting with L1 


(hot conductor). See Figure 18-20. If the 
correct voltage is not measured at L1 and 
L2, there is a power problem and the main 
power must be checked (for a possible fuse, 
circuit breaker, or main switch problem). 
Jf the proper voltage is present between L1 
and L2, the DMM lead connected to L1 is 
moved along the circuit until the meter lead 
is directly at the load. If voltage is measured 
at the load but the load is not operating, the 
problem is the load on any circuit in which 
the load is connected directly to L2. 

All loads are connected directly to L2 ex- 
cept when a magnetic motor starter overload 
contact is connected between the starter coil 
and L2. When a magnetic motor starter over- 
load contact is used in a circuit, the DMM 
lead connected to L2 can be moved to the 
other side of the overload (side connected 
directly to the starter coil) to check if the 
overloads are open. See Figure 18-21. How- 
ever, caution must be exercised when doing 
this because one DMM lead is still connected 
to L1 (hot conductor). This means the tip of 
the other DMM lead (the one being moved) 
can cause an electrical shock if touched and 
there is a complete path to ground through 
the troubleshooter’s body. 
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Figure 18-20. When using the tie-down troubleshooting method, one DMM test lead should be 
placed on the L2 (neutral) conductor, and the other lead should be moved through the circuit 


starting with L1 (hot conductor). 
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Figure 18-21. When a magnetic motor starter 
overload contact is used in a circuit, the 
DMM lead connected to L2 can be moved to 
the other side of the overload to check if the 
overloads are open. 


Motor-driven pumps are often placed in banks. 
This allows one pump to be taken off-line for 
maintenance or troubleshooting. 
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Troubleshooting Control Circuits 


Before troubleshooting an electrical circuit, 
an individual must understand the operation 
of the circuit, the sequence of events, timing 
or counting functions, and devices used to 
energize and de-energize the circuit. A line 
diagram shows the logic of an electrical cir- 
cuit using single lines and symbols. Along 
with a line diagram, a DMM can be used to 
troubleshoot components in electrical cir- 
cuits. Common electrical problems include 
open circuits and short circuits. 


Troubleshooting Contactors and Motor 
Starters. Contactors or motor starters are the 
first devices checked when troubleshooting a 
circuit that does not work or has a problem. 
Contactors or motor starters are checked first 
because they are the point where the incom- 
ing power, load, and control circuit are con- 
nected. Basic voltage readings are taken at a 
contactor or motor starter to determine where 
the problem lies. The same basic procedure 
used to troubleshoot a motor starter works 
for contactors because a motor starter is a 
contactor with added overload protection. 

The tightness of all terminals and busbar 
connections is checked when troubleshoot- 
ing control devices. Loose connections in 
the power circuit of contactors and motor 
starters cause overheating. Overheating leads 
to equipment malfunction or failure. Loose 
connections in the control circuit cause control 
malfunctions. Loose connections of grounding 
terminals lead to electrical shock and cause 
electromagnetic-generated interference. 

The power circuit and the control circuit 
are checked if the control circuit does not 
correctly operate a motor. The two circuits 
are dependent on each other, but are con- 
sidered two separate circuits because they 
are normally at different voltage levels and 
always at different current levels. See Fig- 
ure 18-22. To troubleshoot a motor starter, 
apply the following procedure: 

1. Inspect the motor starter and overload as- 
sembly. Service or replace motor starters 
that show heat damage, arcing, or wear. 
Replace motor starters that show burn- 
ing. Check the motor and driven load for 
signs of an overload or other problem. 
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2. Reset the overload relay if there is no 


visual indication of damage. Replace 
the overload relay if there is visual 
indication of damage. 


3. Observe the motor starter for several 


minutes if the motor starts after reset- 
ting the overload relay. The overload 
relay reopens if an overload problem 
continues to exist. 


4. Check the voltage into the starter if reset- 


ting the overload relay does not start the 
motor. Check circuit voltage ahead of 
the starter if the voltage reading is 0 V. 


“The voltage is acceptable if the voltage 


reading is within 10% of the motor volt- 
age rating. The voltage is unacceptable 


©) cHECK 
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if the voltage reading is not within 10% 
of the motor voltage rating. 


5. Energize the starter and check the starter 


contacts if the voltage into the starter 
is present and at the correct level. The 
starter contacts are good if the voltage 
reading is acceptable. Open the starter, 
turn the power OFF, and replace the 
contacts if there is no voltage reading. 


6. Check the overload relay if voltage is 


coming out of the starter contacts. Turn 
the power OFF and replace the overload 
relay if the voltage reading is 0 V. The 
problem is downstream from the starter 
if the voltage reading is acceptable and 
the motor is not operating. 
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Figure 18-22. The power circuit and the control circuit are checked if the control circuit does not correctly operate a motor. 


Application—Electric Motor 
Drive Troubleshooting 


After gathering information, techni- 
cians must inspect the electric motor 
drive application. An inspection allows 
technicians to become familiar with 
the physical layout and operation of an 
application. Inspections typically yield 
clues as to the cause of an electric mo- 
tor drive application problem. To inspect 
an electric motor drive application, apply 
the procedure: 
1. Verify that all power disconnects are 
ON. 
2.Access the fault history of the electric 
motor drive for information on possible 
causes and record the software version 
number. 
3. Inspect the electric motor drive for physical 
damage and signs of overheating or fire. 
4. Record the electric motor drive name- 
plate model number, serial number, input 
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voltage, input current, output current, 
and horsepower rating. 

5. Inspect the exterior of the motor and the 
area adjacent to the motor for debris to 
ensure proper ventilation to cool the mo- 
tor. 


6. Verify that the motor power rating corre- 
sponds to the electric motor drive power 
rating. 

7. Verify that the motor is correctly aligned 
with the driven load. 

8. Verify that the coupling or other con- 
nection method between the motor and 
driven load is not loose or broken. 

9. Verify that the motor and the driven load 
are securely fastened in place. 

10. Verify that an object is not preventing the 
motor or load from rotating. 

11. Determine if any special equipment is 
required to work on the electric motor 
drive application. 
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Troubleshooting Reduced- Voltage 
Starting Circuits. As with all motor cir- 
cuits, the two main sections that must be 
considered when troubleshooting reduced- 
voltage starting circuits are the power 
circuit and control circuit. The power 
circuit connects the motor to the main 
power supply. In addition to including 
the main switching contacts and overload 
detection device (which can be heaters or 
solid-state), the power circuit also includes 
the power resistors (in the case of primary 
resistor starting) or autotransformer (in the 
case of autotransformer starting). 

The control circuit determines when 
and how the motor starts. It is often pow- 
ered by a step-down transformer from 
the power circuit. The control circuit 
includes the motor starter (mechanical or 
solid-state), overload contacts, and timing 
circuit. To troubleshoot the control circuit, 
the same troubleshooting procedure is used 
as when troubleshooting any other motor 
control circuit. 

When troubleshooting the power 
circuit, voltage and current readings are 
taken. Current readings can be taken at the 
incoming power leads or the motor leads, 
since the current draw is the same at either 
point. The current reading during starting 
should be less than the current reading 
when starting without reduced-voltage 
starting. The amount of starting current 
varies by the starting method. With each 
starting method, there should be a reduc- 
tion in starting current, as compared to a 
full-voltage start. See Figure 18-23. When 
troubleshooting a reduced-voltage power 
circuit, apply the following procedure: 

1. Visually inspect the motor starter. Look 
for loose wires, damaged components, 
and signs of overheating (discolor- 
ation). 

2. Measure the incoming voltage com- 
ing into the power circuit. The voltage 
should be within 10% of the voltage rat- 
ing listed on the motor nameplate. If the 
voltage is not within 10%, the problem 
is upstream from the reduced-voltage 
power circuit. 


3. Measure the voltage delivered to the 
motor from the reduced-voltage power 
circuit during starting and running. For 
primary resistor starting, the voltage dur- 
ing starting should be 10% to 50% less 
than the incoming measured voltage. The 
exact amount depends on the resistance 
added into the circuit. The resistance is 
set by using the resistor taps or adding 
resistors in series/parallel. 


For autotransformer starting, the voltage 
during starting should be 50%, 65%, or 
80% less than the incoming measured 
voltage. The exact amount depends on 
which tap connection is used on the au- 
totransformer. For part-winding starting, 
the voltage during starting should be equal 
to the incoming measured voltage. 


For wye-delta starting, the voltage dur- 
ing starting should equal the incoming 
measured voltage. For solid-state start- 
ing, the voltage during starting should 
be 15% to 50% less than the incoming 
measured voltage. The exact amount 
depends on the setting of the solid-state 
starting control switch. 


The voltage measured after the motor is 
started should equal the incoming voltage 
with each method of reduced-voltage 
starting. There is a problem in the power 
circuit or control circuit if the voltage out 
of the starting circuit is not correct. 


4. Measure the motor current draw during 
starting and after the motor is running. In 
each method of reduced-voltage starting, 
the starting current should be less than 
the current that the motor draws when 
connected for full-voltage starting. The 
current should normally be about 40% to 
80% less. After the motor is running, the 
current should equal the normal running 
current of the motor. This current value 
should be less than or equal to the current 
rating listed on the motor nameplate. 


AC motor starting and running torque is 
decreased by 20% if the motor is connected 
to a voltage source that is 10% less than 
the nameplate voltage. 
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Figure 18-23. Voltage and current readings are taken when troubleshooting the power circuit. 


Troubleshooting Thermal Switches. 
Many motors come equipped with a 
thermal switch to protect the motor from 
overheating. A thermal switch removes the 
motor windings from the circuit at a preset 
temperature. When the windings cool, the 
contacts close. When a thermal switch is 
not operating properly, a motor either does 
not operate or operates without thermal 
protection. To test a thermal switch, apply 
the following procedure: 
1. Disconnect the motor from the power 
source. Remove the endbell of the mo- 
` tor that includes the thermal switch. 
Remove one of the leads connecting the 
thermal switch to the motor windings. 


2.In a motor containing a two-terminal 
switch, use an ohmmeter to check the 
switch for continuity. See Figure 18-24. 
Set the ohmmeter on the lowest resis- 
tance scale and check across the switch 
contacts. If a high-resistance reading is 
obtained, the contacts are open and the 
switch is defective. 


In a motor containing a three-terminal 
thermal switch, check for continuity 
across the switch contacts using an ohm- 
meter set on the lowest scale. If a high-re- 
sistance reading is obtained, the contacts 
are open and the switch is defective. Also, 
check for continuity across the heater 
element. If a high-resistance reading is 
obtained, the heater element is open and 
defective. 

In a motor containing a four-terminal 
thermal switch, check for continuity 
across the switch contacts and the heater 
element by using an ohmmeter set on the 
lowest scale. If a high-resistance reading 
is obtained, there is an open in the con- 
tacts or the heater element. Replace the 
defective component. 


Troubleshooting Circuit Faults 


Many components in an electrical circuit 
can fail, such as switches, relays, and 
broken or damaged wires. Troubleshooting 
component failures requires knowledge 
of the proper operation of the component 


and a logical approach to finding the fault. 
Common tools include digital multimeters 
and continuity testers. Typical types of 
circuit faults are an open circuit, a short 
circuit, or a short to ground. 


Troubleshooting 
Thermal Switches 
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HEATER = 
THERMAL 
SWITCH 


CONTACT 


CHECK HEATER ELEMENT AND 
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THREE-TERMINAL THERMAL SWITCH 
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FOUR-TERMINAL THERMAL SWITCH 


Figure 18-24. A thermal switch needs to be 
checked at all terminals. 


Troubleshooting Open Circuits. An 
open circuit is an electrical circuit that 
has an incomplete path that prevents 
current flow. An open circuit represents 
a very-high-resistance path for current 
and is usually regarded as having infinite 
resistance. An open circuit in a series 
circuit de-energizes the entire circuit. 
Open circuits may be caused intention- 
ally or unintentionally. An open circuit is 
caused intentionally when a switch is used 
to open a circuit. An open circuit may 
be caused unintentionally when the wir- 
ing between parts in a circuit is broken, 
when a component or device in a circuit 
malfunctions, or when a fuse blows. 


Troubleshooting Switches 
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A switch in the OFF position is an open 
circuit. Switches are tested by toggling the 
switch to check if the contacts open and 
close. A DMM set to measure voltage can 
be used to test a mechanical switch. A good 
switch indicates source voltage when open 
and 0 V when closed. A faulty switch indi- 
cates source voltage both when open and 
when closed. See Figure 18-25. 

The proper operation of a switch must be 
known to determine when it is not operating 
properly. For example, a good solid-state 
switch indicates source voltage when open 
and a slight voltage drop when closed. This 
is normal due to the construction of the 
solid-state switch. 


| Definition 


An open circuit is an 
electrical circuit that has 
an incomplete path that 
prevents current flow. 


LOAD ON 


120 VAC 


wee SWITCH CLOSED 


LOAD ON 


120 VAC 


SWITCH 
CLOSED 


SOLID-STATE SWITCH 


Figure 18-25. A solid-state switch has a small voltage drop across a closed switch. 
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Definition 


A short circuit is a 
circuit in which current 
takes a shortcut around 
the normal path of cur- 
rent flow. 


A dead short is a short 
circuit that opens the 
circuit as soon as the cir- 
cuit is energized or when 
the section of the circuit 
containing the short is 
energized. 


A switch may also be checked with a 
jumper wire. A jumper wire is placed in 
parallel around the switch and the circuit 
is energized. The jumper wire closes the 
circuit, energizing the load. WARNING: 
Jumper wires can cause equipment to start 
unexpectedly and must be removed from the 
circuit whėn no longer needed for testing. 

An open circuit may occur unintention- 
ally by a break in the wire of a circuit, a 
malfunctioning component, or a blown 
fuse. When a wire breaks, the path for 
current is interrupted and current flow 
stops. A broken wire in an individual line 
of a circuit de-energizes that line only. 
That branch of the circuit can be tested 
using a DMM set to measure voltage. For 
example, a DMM may be placed across a 
section of wire to determine if there is a 
break in that part of the wire. This test is 
often taken across wire connection points. 
The DMM indicates 0 V if the wire has no 
break. The DMM indicates source voltage 
if the wire is broken and there is no other 
open in the branch. 

A faulty electrical component may also 
cause an unintentional open circuit. For 
example, a break in the conducting path of 
an electrical component, such as a burnt-out 
filament of a light bulb, also breaks the path 
for current and opens the circuit. In addi- 
tion, when a fuse blows, the current flow in 
the circuit increases to a level that opens the 
conducting path inside the fuse. 


Troubleshooting Short Circuits. A short 
circuit is a circuit in which current takes 
a shortcut around the normal path of cur- 
rent flow. In a short circuit, current leaves 
the normal current-carrying path and goes 
around the load and back to the power 
source or to ground. The low-resistance 
path can be due to failure of circuit compo- 
nents or failure in the wiring of the circuit. 
For example, if two pieces of wire acciden- 
tally contact each other, the wires produce a 
dead short across the circuit. A dead short 
is a short circuit that opens the circuit as 
soon as the circuit is energized or when the 
section of the circuit containing the short is 
energized. See Figure 18-26. 


Troubleshooting 


VERY HIGH 
CURRENT FLOW 
BLOWS FUSE 


/ RESISTANCE 


Figure 18-26. If two pieces of wire accidentally 
contact each other, the wires produce a dead 
short across the circuit. 
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A dead short reduces the resistance of 
the short-circuited part of a circuit to nearly 
0 Q. A dead short produces a surge of cur- 
rent in the circuit, resulting in an overload 
device such as a fuse being blown or a circuit 
breaker being tripped. In a circuit with a 
dead short, the fuse must be replaced or the 
circuit breaker reset. The circuit is inspected 
for the location of the short if the fuse blows 
or circuit breaker trips again when the circuit 
is energized. Signs of overheating, such as 
burn marks or discolored insulation, usually 
indicate the location of the short. 

A short can be also found with a con- 
tinuity tester. A continuity tester uses its 
own power (usually a battery) to power the 
circuit to determine if a short circuit exists 
between a wire and its housing. Once the 
short circuit is located, the shorted wire 
must be replaced. Ensure that the circuit is 
disconnected from its power source before 
testing using a continuity tester. 

A DMM set to measure resistance can also 
be used to test for short circuits. A circuit is 
tested for a short circuit with all open contacts 


Testing Short Circuits 


closed. In a good circuit, a DMM reads total 
circuit resistance when all open contacts 
are closed. In a circuit with a dead short, a 
DMM reads near 0 Q. See Figure 18-27. To 
test each branch of a circuit, each branch 
is isolated by disconnecting a wire from 
the branch. The branch does not contain a 
short circuit if this produces no change in 
the DMM resistance reading. The branch is 
reconnected after the resistance reading is 
taken. This process is continued by isolating 
each branch in succession. 

A branch contains a short if the DMM 
resistance reading jumps from 0 Q to a 
high resistance when the branch is discon- 
nected. This branch is inspected for signs 
of overheating and crossed, frayed, or loose 
wires. Further inspection is required to find 
the exact cause of the short. Large, complex 
circuits are tested one section at a time to 
determine which section contains the short. 
The individual branches of the section are 
then tested to find the exact location of the 
short. WARNING: The circuit must be de- 
energized when measuring resistance. 


TOTAL CIRCUIT RESISTANCE 
EQUALS NEAR 0 2 


ISOLATE 
BRANCH BY, 

DISCONNECTING 
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LINE 2 IS DISCONNECTED 
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Figure 18-27. In a good circuit, a DMM reads total circuit resistance when all open contacts are closed. In a circuit with a 


dead short, a DMM reads near 0 Q. 
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Definition 


A grounded circuit is a 
circuit in which current 
leaves its normal path 
and travels to the frame 
of the motor. 


Troubleshooting Gr 


ee a = 


Troubleshooting Grounded Circuits. A 
DC motor can be tested for a grounded cir- 
cuit by using a test light or continuity tester. 
A grounded circuit is a circuit in which 
current leaves its normal path and travels 
to the frame of the motor. It is caused when 
insulation breaks down or is damaged and 
touches the metal frame of the motor. 

A continuity tester is preferred for a 
quick check of a motor. A continuity tester 
can give results quickly when there is a 
problem. See Figure 18-28. To troubleshoot 
for a grounded circuit, one lead of the con- 
tinuity tester is connected to the frame of 
the motor. The other lead is connected to 
one motor lead and then the other motor 
lead. A grounded circuit is present if the 
continuity tester beeps. The motor needs to 
be repaired or replaced. 


CONTINUITY TESTER 
BEEPS INDICATING 
CLOSED CIRCUIT 


CHECK FOR 


TO MOTOR FRAME 


CONTINUITY TESTER BEEPS 
INDICATING WINDING IS 
SHORT-CIRCUITED TO GROUND 


CONTINUITY TESTER BEEPS INDICATING WINDING 
IS SHORT-CIRCUITED TO ANOTHER WINDING 


MOTOR LEAD 
IDENTIFICATION 


Three-phase induction motors are the most 
common motors used in industrial applica- 
tions. Three-phase induction motors operate 
for many years with little or no required 
maintenance. It is not uncommon to find 
3-phase induction motors that have been 
in operation for many years in certain ap- 
plications. The length of time a motor is 
in Operation may cause the markings of 
the external leads to become defaced. This 
may also happen to a new or rebuilt motor 
that has been in the maintenance shop for 
some time. To ensure proper operation, 
each motor lead must be re-marked before 
troubleshooting and reconnecting the motor 
to a power source. 


©) CHECK FOR OPEN CIRCUIT 


SERIES WINDINGS 


MAIN POLE 


SHUNT WINDINGS 


3) CHECK FOR SHORT CIRCUITS 
S7 BETWEEN WINDINGS 


Figure 18-28. One lead of the continuity tester is connected to the frame of the motor and the other lead is connected to one 
motor lead and then the other motor lead. 


Chapter 18—Troubleshooting Motors 433 


The two most common 3-phase motors 
are the single-voltage, 3-phase, 3-lead mo- 
tor and the dual-voltage, 3-phase, 9-lead 
motor. Both may be internally connected in 
a wye or delta configuration. The three leads 
of a single-voltage, 3-phase, 3-lead motor 
can be marked T1, T2, and T3 in any order. 


checked with all the remaining motor Jeads 
to determine if the circuit is a two- or three- 
lead circuit. The motor is a wye-connected 
motor if three circuits of two Jeads and one 
circuit of three leads are found. The motor 
is a deJta-connected motor if three circuits 
of three leads are found. 


The motor can be connected to the rated 
voltage and allowed to run. Any two leads 
may be interchanged if the rotation is in the 
wrong direction. The industry standard is to 
interchange T1 and T3. 


Determining Delta or Wye Connections 


©) } CIRCUIT 1 
Cs) 


CIRCUIT 2 


Determining Delta or Wye 
Connections 


A standard dual-voltage motor has nine MOTOR 
leads extending from it and may be inter- es 
nally connected as a wye or delta motor. The 
internal connections must be determined 
when re-marking the motor leads. A DMM 
is used to measure resistance or a continuity 
tester is used to determine whether a dual- 
voltage motor is internally connected in a 
wye or delta configuration. 

A dual-voltage, wye-connected motor 
has four separate circuits, three circuits of 
two leads each (T1-T4, T2-T5, and T3-T6) 
and one circuit of three leads (T7-T8-T9). CONTINUITY 
A dual-voltage, delta-connected motor has TESTER 
three separate circuits of three leads each 
(T1-T4-T9, T2-T5-T7, and T3-T6-T8). See 
Figure 18-29. 

A DMM is used to determine the wind- 
ing circuits (T1-T4, T2-T5, etc.) on an MOTOR 
unmarked motor by connecting one meter TERMINALS 
lead to any motor lead and temporarily 
connecting the other meter lead to each 
remaining motor lead. Note: Ensure that the 
motor is disconnected from the power sup- 
ply. A resistance reading other than infinity 
indicates a complete circuit. 

A continuity tester may also be used to de- 
termine the winding circuits on an unmarked 
motor by connecting one test lead to any mo- 
tor lead and temporarily connecting the other 
test lead to each remaining motor lead. 


The continuity tester indicates a complete Figure 18-29. A dual-voltage, wye-connected motor has four separate 
circuit by an audible beep. Each complete circuits, three circuits of two leads each and one circuit of three leads. A 
circuit can be marked by taping or pairingthe qual-voltage, delta-connected motor has three separate circuits of three 
leads together. All pairs of leads need to be leads each. 


MOTOR TERMINALS 
WYE-CONNECTED MOTOR 


CIRCUIT 1 


CIRCUIT 2 


> CIRCUIT 3 
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ALL OTHER 


DELTA-CONNECTED MOTOR MOTORLEADS 
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Re-Marking Dual-Voltage, Wye- 
Connected Motors 

Once a dual-voltage motor has been identi- 
fied as a wye-connected motor, the indi- 


standard dual-voltage motor operates on 
220/440 V. For any other voltage, all test 
voltages should be changed in proportion 
to the motor rating. 


vidual leads can be re-marked. The power 4. Turn ON the supply voltage and let the 


and load connectors must be removed be- 
fore beginning. To re-mark a dual-voltage, 
wye-connected motor, apply the following 
procedure: 
1. Determine the winding circuits us- 
ing a DMM or continuity tester. See 


Figure 18-30. 5 


2. Mark the leads of the one three-lead 

“circuit T7, T8, and T9, in any order. 

Separate the other motor leads into pairs, 
making sure none of the wires touch. 


3. Connect the motor to the correct supply 
voltage. Connect T7 to L1, T8 to L2, and 
T9 to L3. The correct supply voltage is the 
lowest voltage rating of the dual-voltage 
rating given on the motor nameplate. The 
low voltage is normally 220 V because the 


Circuits In Dua s 


DUAL-VOLTAGE, 
WYE-CONNECTED CONNECT MOTOR TO 


MOTOR CORRECT SUPPLY VOLTAGE 


FUSED 
(1) DISCONNECT 


O) 


motor run. The motor should run with no 
apparent noise or problems. The start- 
ing voltage should be reduced through 
a reduced-voltage starter if the motor is 
too large to be started by connecting it 
directly to the supply voltage. 


. Measure the voltage across each of the 
three open circuits while the motor is 
running, using a DMM set on at least 
the 440 VAC scale. Care must be taken 
when measuring the high voltage of 
a running motor. Insulated test leads 
and proper PPE must be used. Connect 
only one test lead at a time. The volt- 
age measured should be about 127 V 
or slightly less, and should be the same 
on all three circuits. 


~ SUPPLY 
VOLTAGE 
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o mmi -© 


MARK THREE-LEAD CIRCUIT 
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Figure 18-30. Once a dual-voltage motor has been identified as a wye-connected motor, the individual leads can be re-marked. 


The voltage is read on all circuits even 
though the two-wire circuits are not con- 
nected to the power lines because the voltage 
applied to the three-lead circuit induces a 
voltage in the two-wire circuits. The wiring 
diagram for the dual-voltage, wye-connected 
motor can be drawn and the voltage readings 
added. See Figure 18-31. 

One lead of any two-wire circuit is con- 
nected to T7 and the other lead of the circuit 
connected to one side of a DMM. The lead 
connected to T7 is temporarily marked as T4 
and the lead connected to the DMM as T1. 
The other lead of the DMM is connected to 
T8 and then to T9. T1 and T4 can be marked 
permanently if the two voltages are the same 
and are approximately 335 V. Perform the 
same procedure on another two-wire circuit 
if the voltages are unequal. Mark the new 
terminals T1 and T4 if the new circuit gives 
the correct voltage (335 V). T1, T7, and T4 
are found by this first test. 

One lead of the two remaining unmarked 
two-wire circuits is connected to T8 and the 
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other lead to one side of the DMM. The lead 
connected to T8 is temporarily marked as 
T5 and the lead connected to the DMM as 
T2. The other side of the DMM is connected 
to T7 and T9. Measurements and changes 
should be made until a position is found 
at which both voltages are the same and 
approximately 335 V. T2, T5, and T8 are 
found by this second test. 

The third circuit is checked in the same 
way until a position is found at which both 
voltages are the same and approximately 
335 V. T3, T6, and T9 are found by this 
third test. 

After each motor lead is found and 
marked, turn OFF the motor and connect 
LI to Tl and T7, L2 to T2 and T8, L3 to 
T3 and T9, and connect T4, T5, and T6 
together. The last step is to start the motor 
and check the current on each power line 
with aclamp-on ammeter. The markings are 
correct and may be marked permanently if 
the current is approximately equal on all of 
the three power lines. 


Re-Marking Dual-Voltage, Wye-Connected Motors 


PERMANENTLY MARK IF 
VOLTAGES ARE SAME AND 
APPROXIMATELY 335 V 


\ 127 V 
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TOGETHER 
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ACROSS OPEN CIRCUIT 


127 V 


WIRING DIAGRAM 


Figure 18-31. The voltage is read on all circuits even though the two-wire circuits are not connected to the power lines be- 
cause the voltage applied to the three-lead circuit induces a voltage in the two-wire circuits. 
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Re-Marking Dual-Voltage, Delta- 
Connected Motors 


Once a dual-voltage motor has been identi- 
fied as a delta-connected motor, the individ- 
ual leads can be re-marked. The power and 
load connectors must be removed before 
beginning. A dual-voltage, delta-connected 
motor has nine leads grouped into three 
separate circuits. Each circuit has three mo- 
tor leads connected, which make the circuits 
T1-T4-T9, T2-T5-T7, and T3-T6-T8. To re- 
mark a dual-voltage, delta-connected motor, 
apply the following procedure: 

1. Determine the winding circuits using a 
DMM or continuity tester. See Figure 
18-32. 

2. Measure the resistance of each circuit to 
find the center terminal. The resistance 
from the center terminal to the other two 
terminals is one-half the resistance be- 
tween the other two terminals. Separate 
the three circuits and mark the center 
terminal for each circuit as T1, T2, and 
T3. Temporarily mark the two leads in 
the T1 group as T4 and T9, the two leads 
in the T2 group as T5 and T7, and the 
two leads in the T3 group as T6 and T8. 
Disconnect the DMM. 


3. Connect the group marked T1, T4, 
and T9 to L1, L2, and L3 of a 220 V 
power supply. This should be the low- 
voltage rating on the nameplate of the 
motor. The other six leads should be 
left disconnected and must not touch 
because a voltage is induced in these 
leads even though these leads are not 
connected to power. 


4. Turn the motor ON and let it run with 
the power applied to T1, T4, and T9. 


5. Connect T4 (which is also connected 
to L2) to T7 and measure the voltage 
between T1 and T2. Set the DMM on 
at least a 460 VAC range. Use insulated 
test leads and connect one meter lead at 
atime. The lead markings for T4 and T9, 
and T7 and T5, are correct if the mea- 
sured voltage is approximately 440 V. 
Interchange T5 with T7, or T4 with T9, 
if the measured voltage is approximately 


380 V. Interchange both T5 with T7, and 
T4 with T9 if the new measured voltage 
is approximately 220 V. T4, T9, T7, and 
T5 may be permanently marked if the 
voltage is approximately 440 V. 


To correctly identify T6 and T8, T6 
and T8 are connected and the voltage 
measured from T1 and T3. The measured 
voltage should be approximately 440 V. 
Interchange leads T6 and T8 if the voltage 
does not equal 440 V. T6 and T8 may be 
permanently marked if the voltage is ap- 
proximately 440 V. 

Turn the motor OFF and reconnect 
the motor to a second set of motor leads. 
Connect L1 to T2, L2 to T5, and L3 to T7. 
The motor is restarted and the direction 
of rotation observed. The motor should 
rotate in the same direction as with the 
previous connection. Turn the motor OFF 
and reconnect the motor to the third set 
of motor leads (L1 to.T3, L2 to T6, and 
L3 to T8) after the motor has run and the 
direction is determined. 

Restart the motor and observe the direc- 
tion of rotation. The motor should rotate in 
the same direction as the first two connec- 
tions. Start over carefully, re-marking each 
lead if the motor does not rotate in the same 
direction for any set of leads. ` 

Turn the motor OFF and reconnect the 
motor for the low-voltage connection. Con- 
nect L1 to T1-T6-T7, L2 to T2-T4-T8, and 
L3 to T3-T5-T9. The motor is restarted and 
current readings taken on L1, L2, and L3 
with a clamp-on ammeter. The markings are 
correct if the motor current is approximately 
equal on each line. 


Re-Marking DC Motors 


The three basic types of DC motors are the 
series, shunt, and compound types. See Fig- 
ure 18-33. All three types may have the same 
armature and frame but differ in the way the 
field coil and armature are connected. For 
DC motors, terminal markings A1 and A2 
always indicate the armature leads. Termi- 
nal markings S1 and S2 always indicate the 
series field leads. Terminal markings F1 and 
F2 always indicate the shunt field leads. 


CAUTION: Motor must be completely 
disconnected from circuit 
before testing for resistance 


DUAL-VOLTAGE, 
DELTA-CONNECTED 


CONNECT T4 TO T7 
AND MEASURE VOLTAGE ~~ 
AT T1 AND T2 D 


Re-Marking DC Motors 
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Figure 18-33. For DC motors, terminal markings A1 and A2 always indicate the armature leads. Terminal markings S1 and 
S2 always indicate the series field leads. Terminal markings F1 and F2 always indicate the shunt field leads. 
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DC motor terminals can be re-marked 
using a DMM by measuring the resistance 
of each pair of wires. A pair of wires must 
have a resistance reading or they are not a 
pair. The field reading can be compared to 
the armature reading because each DC mo- 
tor must have an armature. The series field 
normally has a reading lower than that of 
the armature. The shunt field has a reading 
considerably larger than that of the armature. 
The armature can be easily identified by 
rotating the shaft of the motor when taking 
the readings. The armature varies the DMM 
reading as it makes and breaks different 
windings. One final check can be made by 
lifting one of the brushes or placing a piece 
of paper under the brush. The DMM moves 
to the infinity reading across the armature. 

From this information, a motor is either 
a DC series or DC shunt motor if it has two 
pairs of leads (four wires) coming out. A coil 
is the series field if the reading of the coil is 
less than the armature coil resistance. A coil 
is the shunt field if the reading is consider- 
ably larger than the armature resistance. 


TEST TOOLS 


There are many tools that electricians use 
in their daily work. Voltmeters, ammeters, 
and ohmmeters are commonly used, either 
alone or combined into a digital multimeter 
(DMM). Two of the most common tools used 
in troubleshooting motors are phase sequence 
testers and megohmmeters (Meggers®). 


Phase Sequence Testers 


The phase sequence of power lines can 
be verified using a phase sequence tester. 
In addition, the rotation of a motor can be 
tested before the motor is connected to an 
electrical circuit or mechanical system. 


Power Source Phase Sequence. To 
verify the phase sequence of the three 
3-phase power lines, apply the following 
procedures: 

1. Connect the three test leads from the 
phase sequence tester to the three power 
lines being tested. The test leads on 
a phase sequencc tester are typically 


color-coded and include alligator clips. 
Connect phase A test lead to what should 
be power line phase A (L1/R), phase B 
test lead to B (L2/S), and phase C test 
lead to C (L3/T). See Figure 18-34. 


2. Verify that all three 3-phase indicator 
lights are ON. If a light is not ON, use 
a voltmeter to test why the phase is not 
powered (for example, a fuse may be 
blown). When all phase indicator lights 
are ON, there is no open phase. 


3. Check the phase sequence lamps. When 
the phases are in the correct order (the test 
leads are connected to the system A to A, B 
to B, and C to C), the phase tester “ABC” 
light will be ON. If the lines are not in the 
right order, the phase tester “BAC” light 
will be ON. Interchange the test leads until 
the “ABC” light is ON. Mark each phase 
line for proper identification. 


4. Reconnect the phase sequence tester to test 
any additional parts of a system. Reconnect 
the tester because the phase sequence will 
change if the power lines are not correctly 
connected before and after a device. 

5. Remove the phase sequence tester from 
the circuit. 


Motor Rotation Phase Sequence. To test 
the direction of motor rotation of a 3-phase 
motor, apply the following procedures: 

1. When the motor is not disconnected 
from the power lines, verify that the 
circuit power to the motor is OFF using 
a voltmeter. Some motor rotation test 
instruments have a button that is pressed 
to test that all power in the system is OFF. 
When a system is powered, a warning 
light will turn ON. See Figure 18-35. 


2. Connect the test leads of the motor rota- 
tion tester to the motor input terminals 
T1 (U), T2 (V), and T3 (W). 

3. Rotate the motor shaft clockwise by hand. 
When the clockwise light is lit, the motor 
will run in the clockwise direction when 
T1 is connected to L1, T2 to L2, and T3 to 
L3. When the counterclockwise light is lit, 
the motor will run in the counterclockwise 
direction when connected T1 to L1, T2 to 
L2, and T3 to L3. 


Power Sauna Phase Sequence | 


MOTOR CONTROL 
ENCLOSURE 
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WARNING 


Follow all electrical safety practices and procedures 


DISCONNECT 
ON Check and wear personal protective equipment (PPE) 
for the procedure being performed 


FUSES/CIRCUIT 
BREAKERS 


Perform only authorized procedures 
Follow all manufacturer recommendations and procedures 


DIRECTION | INDICATION 


CLOCKWISE fe’ 
COUNTER- for 
CLOCKWISE Ce) 
fey 
CONNECTION eX 
CONNECTION Ce) 
CONNECTION 


3) READ PHASE SEQUENCE LIGHTS 
FOR CORRECT TEST LEAD ORDER 


K) CONNECT TEST LEADS 
TO SUPPLY OF STARTER 


PHASE SEQUENCE 
TESTER 


©) VERIFY ALL THREE- 
PHASE INDICATOR 
LIGHTS ARE ON 


5) REMOVE PHASE TESTER 
FROM CIRCUIT 


LOCAL 
MOTOR CONTROL 
SELECTION 


RECONNECT TEST 
LEADS TO MOTOR a 
LEADS AT MOTOR BOX 4) 


L- 3b MOTOR 


Figure 18-34. The phase sequence of power lines can be verified with a phase sequence tester. 


4. When the motor must run in the oppo- 
site direction, interchange two power 
(or motor) lines. Interchanging 1 and 3 
is the industrial standard. 


5. Remove the motor rotation tester from 
the motor. 


Megohmmeters 

A megohmmeter is used to measure insulation 
deterioration on various wires by measuring 
high resistance values during high-voltage 


test conditions. Megohmmeter test voltages 
range from 50 V to 5000 V. A megohmmeter 
detects insulation failure or potential failure 
of insulation caused by excessive moisture, 
dirt, heat, cold, corrosive substances, vibra- 
tion, and aging. Insulation in good working 
order has a high resistance. Insulation in poor 
working order has a low resistance. The ideal 
megohmmeter measurement is infinite resis- 
tance between a conductor or motor winding 
and ground. Infinite resistance is depicted by 
an infinity symbol (ce). 
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VERIFY POWER OFF, , 
DISCONNECT MOTOR @)) 


LOW-VOLTAGE 
WYE-CONNECTED 
9-LEAD MOTOR aS 


gm MOTOR SHAFT 


BY HAND, READ 
ROTATION LIGHTS 


2) CONNECT MOTOR ROTATION 
TESTER LEADS 


INTERCHANGE 
POWER LINES 
TO CHANGE DIRECTION 


Or REQUIRED, 


) 
| 
| 
| 


=) REMOVE TESTER 
= FROM MOTOR 


Rotation Lights 


(o) CLOCKWISE ROTATION 


COUNTERCLOCKWISE 


©! ROTATION 


Figure 18-35. Motor rotation can be checked before connecting a motor to an electrical circuit. 


Megohmmeter measurements typically 
follow the general rule of thumb of 1 MQ 
of resistance for every 1000 V of insula- 
tion rating. When using a megohmmeter, 
the test voltage is typically rounded up 
to the nearest 1000 V. For example, wire 
used in 480 VAC or 240 VAC distribution 
systems has a rating of 600 V. For testing 
purposes, consider the wire to have 1000 V 
insulation. The stator winding insulation 
for inverter duty motors has a rating of ap- 
proximately 1500 V. For testing purposes, 
consider the stator winding to have 2000 V 
rated insulation. 

Several megohmmeter readings must be 
taken over time, because the resistance of 
good insulation varies with time. Megohm- 
meter readings are typically taken when an 
electrical device such as a motor is installed 
and at regular intervals thereafter. An elec- 
trical device is in need of service when a 
megohmmeter measurement is below the 
minimum acceptable value. 


Definition 


An insulation spot test 
is a short-term test that 
verifies the integrity of 
insulation on electrical 
devices. 


Insulation Spot Testing. An insulation 
spot test is a short-term test that verifies 


the integrity of insulation on electrical 
devices. An insulation spot test is taken 
when a motor is placed in service. It should 
be repeated every 6 months thereafter. An 
insulation spot test should also be taken af- 
ter a motor has had maintenance that could 
affect the windings or been rewound. See 
Figure 18-36. 

During an insulation spot test, the test 
leads of the meter are connected across the 
conductor and insulation being tested. The 
test leads are also connected across any 
other conductor that may come in contact 
with the insulation being tested. The test 
voltage is applied for 60 sec to allow for 
the most accurate measurements. 

Interpretation of the measured re- 
sistance values requires knowledge of 
previous resistance measurements, so 
recordkeeping is important. Megohmmeter 
manufacturers include charts for recording 
and plotting resistance measurements over 
time. To perform an insulation spot test 
using a megohmmeter, apply the following 
procedures: 
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| Insulation Spot Testing 


©) REMOVE 
 MEGOHMMETER 
PLUG TEST FROM MOTOR LEADS 
LEADS INTO e AND TURN OFF 
METER JACKS @) 


GROUND JACK 
VOLTAGE JACK 


ED APPLY 
. wi YY Test 
EES i VOLTAGE 
GROUND TEST a ros 
LEAD TO GROUND i DISCHARGE 


CONNECT J : MOTOR 
VOLTAGE TEST 3 VOLTAGE 
LEAD TO MOTOR „ , 
WINDING LEAD €)) 


INTERPRET 
MEASUREMENTS Ç) 


SET FUNCTION 
SWITCH TO VOLTAGE 


MOTOR LEAD (T1) TO GROUND LEVEL REQUIRED 


Figure 18-36. Insulation spot tests verify the integrity of insulation on motor windings. 


1. Set the function switch of the megohm- 5. Apply the test voltage for 60 sec. Record 


meter to the proper test voltage level. The the megohmmeter reading. Record the 
test voltage is typically set higher than lowest reading on an insulation spot- 
the voltage rating of the insulation being test graph when all readings are above 
tested to stress the insulation. The 1000 the minimum acceptable reading. The 
V setting is typically used for motors and lowest reading is used because a motor 
conductors operating at 480 VAC. When or a set of feeder conductors is only as 


amegohmmeter does not have a 1000 V 
setting, use the voltage setting closest to 
but not greater than 1000 V. 

2. Plug the test leads of the megohmmeter 
into the proper meter jacks. 

3. Connect the black test lead of the meg- 
ohmmeter to a grounded surface. 

4. Connect the red test lead of the meg- 


ohmmeter to one of the motor winding 
leads or an individual conductor. 9. Interpret the measurements taken. 


good as the weakest point. 

6. Discharge the circuit being tested. 

7. Repeat steps 4, 5, and 6 for the remain- 
ing motor winding leads or individual 
conductors. 

8. Remove the megohmmeter from the 
motor leads and turn OFF the meter to 
prevent battery drain. 
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Megohmmeter readings must be in- 
terpreted. See Figure 18-37. A motor 
installed outdoors and tested two days 
in a row can have two different readings 
depending on the weather (foggy condi- 
tions one day would result in low MQ and 
sunny conditions the next day would result 
in high MQ). In general, megohmmeter 
readings are the most useful when taken 
semiannually over a period of years. A 
sudden drop in a resistance measurement 
of a motor, such as 100 MQ to 2 MQ over 
a six-month period, is an indication of a 


ae 


problem, even when the measurement is 
above the accepted value. A large difference 
between resistance measurements of motor 
leads (L1 = 20 MQ, L2 =21 MQ, and L3 = 
1 MQ) also indicates a problem. 

`` The cause of low resistance readings 
must be determined. The cause can be mois- 
ture, dirt, or damaged insulation. Typically, 
low resistance readings require the motor or 
conductors to be repaired or replaced. The 
repaired or replaced items must be tested 
with a megohmmeter before being placed 
into service. 


Interpreting Motor Insulation Resistance 


Measurements =- 


EFFECTS OF 
AGING AND 
CONTAMINATION 


AFTER 
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Figure 18-37. A sudden drop in insulation resistance measurements is an indication of a 


problem. 
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Application— Troubleshooting action(s) that may be taken. These easy-to- 
Guide reference guides, while general in nature, 


Troubleshooting guides for motors state a may be used to quickly determine potential 
problem, its possible cause(s), and corrective problems and possible courses of action. 


Troubleshooting ee For Three-Phase Motors 3 


i Epa 
-Problem Possible Cause Corrective Action 
STE will not start Most 3 motors are dual voltage. Check for proper motor connections. 


Blown fuse or open CB Test the OCPD. If voltage is present at the input but not the output of the OCPD, 
the fuse is blown or the CB is open. Check the rating of the OCPD. It should be 
at least 125% of the motor’s FLC. 


Motor overload on Allow overloads to cool. Reset overloads. lf reset overloads do not start the 
starter tripped motor, test the starter. 


Low or no voltage Check the voltage at the motor terminals. The voltage must be present and 
applied to motor within 10% of the motor nameplate voltage. If voltage is present at the motor 
but the motor is not operating, remove the motor from the load the motor is 
driving. Reapply power to the motor. If the motor runs, the problem is with 
the load. lf the motor does not run, the problem is with the motor. Replace or 
service the motor. 
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Check for cleanliness, tightness, and breaks. Use a voltmeter to test the circuit 
starting with the incoming power and moving to the motor terminals. Voltage 


Open contro] circuit 
between incoming 


power and motor generally stops at the problem area. 
Fuse, CB, or Power not applied to Measure voltage at each power line. Correct any power supply problems. 
overloads retrip all three lines 
after service 

Blown fuse or open CB Test the OCPD. If voltage is present at the input but not the output of the OCPD, 


the fuse is blown or the CB is open. Check the rating of the OCPD. It should be 
at least 125% of the motor’s FLC. 


Motor overload on Allow overloads to cool. Reset overloads. If reset overloads do not start the 
starter tripped motor, test the starter. 


Low or no voltage Check the voltage at the motor terminals. The voltage must be present and 
applied to motor within 10% of the motor nameplate voltage. If voltage is present at the motor 
but the motor is not operating, remove the motor from the load the motor is 
driving. Reapply power to the motor. If the motor runs, the problem is with 
the load. If the motor does not run, the problem is with the motor. 

Replace or service the motor. 


Open control circuit Check for cleanliness, tightness, and breaks. Use a voltmeter to test the circuit 
between incoming starting with the incoming power and moving to the motor terminals. 
power and motor Voltage generally stops at the problem area. 


Motor shaft does not turn Disconnect the motor from the load. If the motor shaft still does not turn, 
the bearings are frozen. Replace or service the motor. 


Motor overheats Motor is single phasing Check each of the 36 power lines for correct voltage. 


f f f Improper ventilation Clean all ventilation openings. Vacuum or blow dirt out of motor with 


pee ue dry, compressed air. 


Motor is overloaded Check the load for binding. Check shaft TE Measure motor current 
under operating conditions. If the current is above the listed current rating, 
remove the motor. Remeasure the current under no-load conditions. If the 
current is excessive under load but not when unloaded, check the load. If the 

motor draws excessive current when disconnected, replace or service the motor. 
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ing 


tion— Troubleshoot. 


Applica 


Problem Possible Cause Corrective Action 


Motor will not start Blown fuse or open CB | 


Test the OCPD. if voltage is present at the input, but not the output of the 
OCPD, the fuse is blown or the CB is open. Check the rating of the OCPD. 
It should be at least 125% of the motor’s FLC. 


Motor overload on Allow overloads to cool. Reset overloads. If reset overloads do not start the 
starter tripped motor, test the starter. 

No brush contact Check brushes. Replace, if worn. 

Open control circuit Check for cleanliness, tightness, and breaks. Use a voltmeter to test the circuit 
between incoming starting with the incoming power and moving to the motor terminals. 


power and motor Voltage generally stops at the problem area. 


Fuse, CB, or overloads 
retrip after service 
k 


Excessive load If the motor is loaded to excess or is jammed, the circuit OCPD will open. 
Disconnect the load from the motor. If the motor now runs properly, check the 
load. If the motor does not run and the fuse or CB opens, the problem is with 
the motor or control circuit. Remove the motor from the control circuit and 
comment it cinotly to the power source Ifthe moter mos properly, the problom 
is in the control circuit. Check the control circuit. If the motor opens the fuse 
or CB again, the problem is in the motor. Replace or service the motor. 


Disconnect the motor from the load. If the motor shaft still does not turn, 
the bearings are frozen. Replace pr service the motor. 


Motor shaft does not turn 


Brushes chip or break Brush material is too 
weak or the wrong type 
for motor’s duty rating 


Replace with better grade or type of brush. Consult manufacturer if problem 
continues. 


Check for an overload on the motor. Reduce the load as required. Adjust 
brush holder arms. 


Brush face is overheating 
and losing brush bonding 
material 


Too much space between the brush holder and the surface of the commutator 
allows the brush end to chip or break. Set correct space between brush holder 
and commutator. 


Brush holder is too far 
from commutator 


Brush tension is incorrect Adjust brush tension so the brush rides freely on the commutator. 


Replace worn brushes. Service the motor if rapid brush wear, excessive 
sparking, chipping, breaking, or chattering is present. 


Worn brushes 


Commutator is concentric Grind commutator and undercut mica. Replace commutator if necessary. 


Excessive vibration Balance armature. Check brushes. They should be riding freely. 


Wrong brush material, Replace with brushes recommended by manufacturer. 


type, or grade 


Incorrect brush tension Adjust brush tension so the brush rides freely on the commutator. 


Improper ventilation Clean all ventilation openings. Vacuum or blow dirt out of motor with 


low-pressure, dry, compressed air. 


Motor ıs overloaded Check the load for binding. Check shaft straightness. Measure motor current 
under operating conditions. If the current is above the listed current rating, 
remove the motor. Remeasure the current under no-load conditions. If the 
current is excessive under load but not when unloaded, check the load. If the 
motor draws excessive current when disconnected, replace or service the motor. 
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Troubleshooting Guide For Split-phase Motors .. . 
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ddy 


blem | Possible Cause Corrective Action z 
t 

Motor will not start | Thermal cutout switch Reset the thermal switch. Caution: Resetting the thermal switch may X 
is open automatically start the motor. a 
t 

= 

Blown fuse or open CB Test the OCPD. If voltage is present at the input but not the output of the | 
OCPD, the fuse is blown or the CB is open. Check the rating of the OCPD. | 
It should be at least 125% of the motor’s FLC. | 

Motor overload on starter Allow overloads to cool. Reset overloads. If reset overloads do not start g 
tripped. the motor, test the starter. ay 
Å eui ——— i 

Low or no voltage applied Check the voltage at the motor terminals. The voltage must be present and Hy 
to motor within 10% of the motor nameplate voltage. If voltage is present at the motor = 
but the motor is not operating, remove the motor from the load the motor is fa] 

driving. Reapply power to the motor. If the motor runs, the problem is with I 
| the load. lf the motor does not run, the problem is with the motor. a 

| Replace of service the motor. 
— 2 Q 
Open control circuit Check for cleanliness, tightness, and breaks. Use a voltmeter to test the circuit = 
between incoming starting with the incoming power and moving to the motor terminals. Voltage 

power and motor generally stops at the problem area. $ 
Starting winding not Check the centrifugal switch to make sure it connects to the starting winding T 


receiving power when the motor is OFF. 


Fuse, CB, or Blown fuse or open CB Test the OCPD. If voltage is present at the input but not the output of the 
overloads retrip OCPD, the fuse is blown or the CB is open. Check the rating of the OCPD. i 
after service It should be at least 125% of the motor’s FLC. 


Motor overload on starter Allow overloads to cool. Reset overloads. If reset overloads do not start the | 
tripped motor, test the starter. j 
Low or no voltage applied Check the voltage at the motor terminals. The voltage must be present and 

]} to motor within 10% of the motor nameplate voltage. If voltage is present at the motor 


but the motor is not operating, remove the motor from the load the motor is 
driving. Reapply power to the motor. If the motor runs, the problem is with 
the load. If the motor does not run, the problem is with the motor. 


Replace or sorvive Ure motor- 


Check for cleanliness, tightness, and breaks. Use a voltmeter to test the 
circuit starting with the incoming power and moving to the motor terminals. 
Voltage generally stops at the problem area. 


Open control circuit 
between incoming 
power and motor 


Disconnect the motor from the load. If the motor shaft still does not turn, 
the bearings are frozen, Replace or service the motor. 


Motor shaft does not turn 


Motor produces Broken or disconnected Connect or replace ground strap. Test for proper ground. 


electric shock ground strap 
Hot power lead at motor Disconnect the motor. Open the motor terminal box and check for poor 
connecting terminals is connections, damaged insulation, or leads touching the frame. 
touching motor frame Service and test motor for ground. 

; | Motor winding shorted Remove, service, and test motor. 

to frame 

Motor overheats l Starting windings are not | When the motor is turned OFF, a distinct click should be heard as the 
being removed from centrifugal switch closes. 


circuit as motor accelerates 


Clean all ventilation openings. Vacuum or blow dirt out of motor with 


Improper ventilation 
low-pressure, dry, compressed air. 


Check the load for binding. Check shaft straightness. Measure motor current 
under operating conditions. If the current is above the listed current rating, 
remove the motor. Remeasure the current under no-load conditions. If the 
current is excessive under load but not when unloaded, check the load. If the 
motor draws excessive current when disconnected, replace or service the motor. 


Motor is overloaded 


Ge 
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Application— Troubleshooting Motors 


it-phase Motors 
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Possible Cause Corrective Action 


problem 


Dry or worn bearings Dry or worn bearings cause noise. The bearings may be dry due to dirty oil, 
oil not reaching the shaft, or motor overheating. Oil the bearings as 
recommended. If noise’ remains, replace the bearings or the motor. 


Dirty bearings , Clean or replace bearings. 


Excessive noise 


Check end play by trying to move the motor shaft in and out. Add end-play 
washers as required. 


Excessive end play 


An unbalanced motor or load causes vibration, which causes noise. Realign 
the motor and load. Check for excessive end play or loose parts. If the shaft 
is bent, replace the rotor or motor. 


Unbalanced motor or load 


Dry or worn bearings Dry or worn bearings cause noise. The bearings may be dry due to dirty oil, 
oil not reaching the shaft, or motor overheating. Oil the bearings as 
recommended. If noise remains, replace the bearings or the motor. 


Excessive grease Ball bearings that have excessive grease may cause the bearings to overheat. 
Overheated bearings cause noise. Remove any excess grease. 


Troubleshooting ae for raded Poe Motors - 
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a = aa erin = 
Possible Cause Cor@étive Action 


Motor will not start Blown fuse or open CB Test the OCPD. lf voltage is present at the input, but not the output of the 
OCPD, the fuse is blown or the CB is open. Check the rating of the OCPD. 
lt should be at least 125% of the motor’s FLC. 


Motor overload on Allow overloads to cool. Reset overloads. lf reset overloads do not start the 
starter tripped motor, test the starter. 


Low or no voltage Check the voltage at the motor terminals. The voltage must be present and 
applied to motor within 10% of the motor nameplate voltage. If voltage is present at the motor 
but the motor is not operating, remove the motor from the load the motor is 
driving. Reapply power to the motor. If the motor runs, the problem is with 
the load. If the motor does not run, the problem is with the motor. 

Replace or service the motor. 


Open control circuit Check for cleanliness, tightness, and breaks. Use a voltmeter to test the circuit 
between incoming starting with the incoming power and moving to the motor terminals. 
power and motor Voltage generally stops at the problem area. 


Fuse, CB, or overloads Excessive load If the motor is loaded to excess or jammed, the circuit OCPD will open. 
retrip after service Disconnect the load from the motor. If the motor now runs properly, check 

k the load. lf the motor does not run and the fuse or CB opens, the problem is 
with the motor or control circuit. Remove the motor from the control circuit 
and connect it directly to the power source. If the motor runs properly, the 
problem is in the control circuit. Check the control circuit. If the motor opens 
the fuse or CB again, the problem is in the motor. Replace or service the motor. 


Unbalanced motor or load An unbalanced motor or load causes vibration, which causes noise. Realign 
the motor and load. Check for excessive end play or loose parts. If the shaft 
is bent, replace the rotor or motor. 


Dry or worn bearings Dry or worn bearings cause noise. The bearings may be dry due to dirty oil, 
oil not reaching the shaft, or motor overheating. Oil the bearings as 
recommended. lf noise remains, replace the bearings or the motor. 


Excessive grease Ball bearings that have excessive grease may cause the bearings to overheat. 
Overheated bearings cause noise. Remove any excess grease. 
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froubleshooting Guide for Contactors and Motor Starters 2 
m a Cee o gg ee al 

Possible Cause Corrective Action = 

A 


Humming noise i Magnetic pole faces 
' misaligned 


Realign. Replace magnet assembly if realignment is not possible. 


nM : 
Too low voltage at coil Measure voltage at coil. Check voltage rating of coil. Correct any voltage 


that is 10% less than coil rating. 


Pole face obstructed by Remove any foreign object and clean as necessary. Never file pole faces. 


foreign object, dirt, or rust 


Loud buzz noise Shading coil broken Replace coil assembly. 


Controller fails to 


drop out 
POWER IN 


Voltage to coil not 
being removed 


Measure voltage at coil. Trace voltage from coil to supply. Search for 
shorted switch or contact if voltage is present. 


Worn or rusted parts 
causing binding 


Replace worn parts. Clean rusted parts. 


Contact poles sticking Check for burning or sticky substance on contacts. Replace burned contacts. 


Clean dirty contacts. 


Check to ensure interlocking mechanism is free to move when power is OFF. 
Replace faulty interlock. 


Mechanical interlock 
binding 
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Controller fails to 
pull in 


No coil voltage Measure voltage at coil terminals. Trace voltage loss from coil to supply 
voltage if voltage is not present. 


Too low voltage Measure voltage at coil terminals. Correct voltage level if voltage is less 
than 10% of rated coil voltage. Check for a voltage drop as large loads 
are energized. fi 


POWER IN 


Coil open Measure voltage at coil. Remove coil if voltage is present and correct but 
coil does not pull in. Measure coil resistance for open circuit. Replace if open. 


Coil shorted Shorted coil may show signs of burning. The fuse or breakers should trip i 
| if coil is shorted. Disconnect one side of coil and reset if tripped. Remove i 


coil and check resistance for short if protection device does not trip. |3 
A shorted coil has zero or very low resistance. Replace shorted coil. Í 
Replace any coil that is burned. 


POWER OUT 


Mechanical obstruction Remove any obstructions. 


Measure inrush current. Check load for problem of higher-than-rated load 
current. Change to larger controller if load current is correct but excessive 
for controller. 


Contacts badly Too high inrush current 


burned or welded 


Nuisance tripping Incorrect overload size 


Lack of temperature 
compensation 


Loose connections 


Too fast load cycling Change to larger controller if load cycles ON and OFF repeatedly. 


Too large overcurrent Size overcurrent protection to load and controller. 


protection device 


Check fuses or circuit breakers. Clear any short circuit. 


Short circuit 


Insufficient contact Check to ensure contacts are making good connection. 


pressure 


Check size of overload against rated load current. Adjust size as permissible 
per NECS: 


Check setting of overload if controller and load are at different ambient 
temperatures. 


Check for loose terminal connection. 
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e Motor failure commonly occurs due to overheating, improper power supply, improper application, improper 
maintenance, and motor defects. 


e The life of the insulation is shortened as the temperature in a motor ihcreases beyond the temperature rating of 
the insulation. 


* Common types of power problems are phase unbalance, voltage unbalance, single phasing, and surge voltages. 
e Common causes of application failures include overloads, overcycling, and exposure to moisture. 


e Common causes of motor failure from improper maintenance include improper belt tension and misalignment 
and vibration. 


vy 


¢ Three-phase motors have fewer components that may malfunction than other motor types and usually operate 
for many years without any problems. 


e Most problems with single-phase motors involve the centrifugal switch, thermal switch, or capacitor. 


¢ Because of their brushes, DC motors generally require more repair than motors that do not use brushes. The 
brushes should be checked every time the motor is serviced. 


e A common problem in DC motors is an open or short in the series or shunt windings. 


¢ Troubleshooting motor controls often involves troubleshooting contactors and motor starters, starting circuits, 
and circuit faults. 


e When troubleshooting a control circuit, the contactor or motor starter is checked first because they are the point 
where the incoming power, load, and control circuit are connected. 


e Typical types of circuit faults are an open circuit, a short circuit, or a short to ground. 


e A dual-voltage, wye-connected motor has four separate circuits, three circuits of two leads each (T1-T4, T2-T5, 
and T3-T6) and one circuit of three leads (T7-T8-T9). 


e A dual-voltage, delta-connected motor has three separate circuits of three leads each (T1-T4-T9, T2-T5-T7, 
and T3-T6-T8). 


¢ For all DC motors, terminal markings Al and A2 always indicate the armature leads. Terminal markings S1 and 
S2 always indicate the series field leads. Terminal markings F1 and F2 always indicate the shunt field leads. 


e A coil is the series field when the reading of the coil is less than the armature coil resistance. 


e A coil is the shunt field when the reading is considerably larger than the armature resistance. 
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Phase unbalance is the unbalance that occurs when lines are out of phase. 
Voltage unbalance is the unbalance that occurs when the voltages at the motor terminals are not equal. 


Single phasing is the operation of a motor designed to operate on three phases operating on only two phases 
because one phase is lost. 


A voltage surge is any higher-than-normal voltage that temporarily exists on one or more of the power lines. 
An overload is the application of too much load to a motor. 
Overcycling is the process of turning a motor ON and OFF more often than the motor design allows. 


The tie-down troubleshooting method is a testing method in which one DMM probe is connected to either the L2 
(neutral) or L1 (hot) side of a circuit and the other DMM probe is moved along a section of the circuit to be tested. 


An open circuit is an electrical circuit that has an incomplete path that prevents current flow. 
A short circuit is a circuit in which current takes a shortcut around the normal path of current flow. 


A dead short is a short circuit that opens the circuit as soon as the circuit is energized or when the section of the 
circuit containing the short is energized. 


A grounded circuit is a circuit in which the current leaves its normal path and travels to the frame of the motor. 


An insulation spot test is a short-term test that verifies the integrity of insulation on electrical devices. 


1. Explain why overheating causes motor failure. 


2. Explain why an improper power supply causes motor failure. 
3. Calculate the voltage unbalance of a system with readings of L1 to L2 = 468 V, L1 to L3 = 474 V, L2 to L3 = 458 V. 
4. Explain why an overload or overcycling causes motor failure. 
5. Summarize the steps to follow in troubleshooting a 3-phase motor. 
6. Summarize the steps to follow in troubleshooting a shaded-pole motor. 
7. Summarize the steps to follow in troubleshooting a split-phase motor. 
8. Summarize the steps to follow in troubleshooting a capacitor motor. 
9. Summarize the steps to follow in troubleshooting a DC motor. 
10. Summarize the steps to follow in troubleshooting a contactor or motor starter. 
11. Summarize the steps to follow in troubleshooting a reduced-voltage starting circuit. 
12. Summarize the steps to follow in troubleshooting a thermal switch. 


13. Explain how to identify a motor with unmarked leads as wye or delta connected. 


Refer to the CD-ROM 
for Quick Quiz? questions |o— 
related to chapter content. — 
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e Describe the operation of stepper motors and servomotors. 

e Explain how universal motors are similar to a DC series motor. 

e Explain how a linear induction motor is similar to a standard AC 
induction motor. 

e Describe the operation of a rotary phase converter. 


There are several types of motors that are becoming more important 
because of their unique characteristics. Stepper motors and servomotors 
are becoming more common in motion control applications. Universal 
motors can operate on single-phase AC or on DC power. Linear induction 


motors operate similarly to a standard induction motor, but with a linear, 
rather than rotary, movement. Rotary phase converters are used to create a 
3-phase source from a single-phase source. 
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Definition 


A stepper motor is a 
motor that uses discrete 
voltage and current 
pulses to control the 
movement of a load. 


Trajectory control is the 
predictable path of speed 
changes a stepper motor 
undergoes as it moves 

a load from its starting 
position to its desired 
end position. 


MOTION CONTROL MOTORS 


There are many applications where motors 
are used to control the motion or position 
of an object. Stepper motor and servomotor 
are general terms for two types of motors 
used in motion control. These types of 
motors use many different technologies 
to provide position control. The motors 
are typically reversible and can be safely 
stalled in any position. 


Stepper Motors 


A stepper motor is a motor that uses discrete 
voltage and current pulses to control the 
movement of a load. Stepper motors trans- 
late incoming voltage and current pulses, 
through a stepper translator, into mechanical 


motion. Stepper motor controllers are used to ` 


program the required stepper motor motions. 
A stepper motor can be accelerated, deceler- 
ated, or maintained by controlling the pulse 
rate output from a PLC stepper module or 
other controller. Under controlled conditions, 
a stepper motor’s motion follows the number 
of input pulses. This ability to respond to a 
fixed input enables the system to operate in 
an open-loop mode, leading to cost savings 
in the total system. However, in some appli- 
cations, closed-loop operation is used. 

Trajectory control is the predictable path 
of speed changes a stepper motor undergoes 
as it moves a load from its starting posi- 
tion to its desired end position. A stepper 
motor drive varies the number of pulses to 
control the position of the load, varies the 
frequency of the pulses to control the speed 
of the load, and varies the rate of change of 
the frequency of the pulses to control the 
acceleration and deceleration of the load. 

Stepper motors are almost always DC 
motors. They are used in applications that 
require precise control of the position of 
the motor shaft. Typical applications in- 
clude pen positioning, rotary and indexing 
table control, robotic positioning, machine 
tools, laser positioning, and printer control. 
See Figure 19-1. 

The torque output of stepper motors typi- 
cally ranges from 0.5 oz-in. (0.0026 lb-ft) 


for small motors to 5000 oz-in. (26 lb-ft) 
for larger motors. Stepper motors are good 
for applications with a constant load. They 
should not be used with varying loads. Step- 
per motors provide good positional accuracy 
both at rest and while in motion. However, 
to hold the shaft in position, power must be 
maintained to the stator winding. This power 
causes heat in the windings and must be 
considered in applications requiring a load 
to be held in position. Using a higher-rated 
motor and providing ventilation usually takes 
care of any heat problems. 
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Figure 19-1. A stepper motor divides shaft 
rotation into discrete steps. 
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Although stepper motors provide 
precise positioning, they cannot operate 
large loads because their torque output is 
low compared to other motors. Stepper 
motors are prone to losing steps at higher 
speed. Motor size is relatively large for 
the amount of torque output. Most stepper 
motors used in industrial applications have 
200 to 400 steps per revolution. 


Stepper Motor Operation. Stepper motors 
operate on the principle that like magnetic 
poles repel each other and unlike magnetic 
poles attract each other. Stepper motors rely 
on electronic commutation to provide motion 
control. In motion control applications, com- 
mutation is accomplished through electronic 
control of the drive voltages and currents in 
the stator windings. As the commutation 
changes the voltage and current in the stator 
windings, the stator poles change and rotor 
moves from one discrete position to another 
to align the unlike rotor stator poles. When 
the commutation holds the voltage and cur- 
rent at the same values, a stepper motor holds 
its position with a known holding torque. 
In a common design, stepper motors have 
50 teeth on the inside of the stator and the 
outside of the rotor. However, the number of 
teeth on the rotor and stator do not have to 
be the same. See Figure 19-2. 

The shaft of a stepper motor rotates at 
fixed angle when it receives an electric pulse, 


Advanced stepper motor drives provide 
better position control through microstep- 
ping. Microstepping is stepper motor con- 
trol that divides the standard stepper control 
pulse intervals into smaller intervals and 
sends modified current to the motor coils to 
increase the resolution of a stepper motor 
system. This provides more precise position 
control and smoother movement because of 
the smaller steps. 


Stepper Motor Operati om 


| Definition y 


Microstepping is stepper 
motor control that divides 
the standard stepper 
control pulse intervals 
into smaller intervals and 
sends modified current 

to the motor coils to 
increase the resolution of 
a stepper motor system. 
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or step. Each input step produces shaft rota- 
tion through the stepper motor’s rated step 
angle. For example, a typical stepper motor 
rotates 1.8° for every pulse. If 50 pulses are 
applied to a 1.8° stepper motor, the shaft 
rotates exactly 90° (50 x 1.8 = 90) and then 
stops. If 200 pulses are applied to the same 
motor, the shaft rotates exactly 360°, or one 
full revolution, and then stops. The steps/ 
revolution parameter gives the resolution of 
the motor position control. A stepper motor 
with a resolution of 200 steps/revolution 
rotates the shaft 1.8° per step. If the 200 steps 
were applied over a period of one minute, the 
motor speed would be 1 rpm. If the 200 steps 
were applied over a period of one second, 
the motor speed would be | revolution per 
second, or 60 rpm. 


ENERGIZED 
PHASE 


NOTE: Only one phase shown for clarity. 


Figure 19-2. The rotor teeth (poles) align with the energized stator poles. 
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Definition o 


A servomotor is a motor 
that uses feedback signals 
to provide position and 
speed control. 


Servomotors 


A servomotor is a motor that uses feedback 
signals to provide position and speed eontrol. 
The shortened term, servo, is often used to 
describe a servomotor. A typical servomo- 
tor drive uses a closed-loop control system 
with feedback from an encoder mounted 
on the motor or load. See Figure 19-3. The 
feedback provides information on the exaet 
location of the shaft or load. ‘The control 
system adjusts the signal to the servomo- 
tor drive to place the shaft or load where it 
should be. The servomotor drive eontrols the 
voltage and current that flows through the 
servomotor armature and.windings. 
Applications that once employed clutch- 
gear systems or other mechanical arrange- 


ments to perform motion eontrol now often. 


use servomotor controls. The advantages of 
servomotor control are shorter positioning 
time, higher accuracy, better rcliability, and 
improved repeatability in the coordination 
of axis motion. Typical applications of 
servomotor positioning include grinders, 
metal-forming machines, transfer lines, and 
the precisc control of valves in continuous 
process applications. 
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The two primary types of servomotors 
are brush servomotors and brushless ser- 
vomotors. Brush servomotors are fairly 
simple in design and cost effective in many 
applications. A brush servomotor can be 
reversed by changing the direction of cur- 
rent flow through the armature. Brushless 
servomotors are more expensive than brush 
servomotors, but typically have lower 
maintenance costs beeause there are no 
brushes to wear. 


Acceleration and Deceleration 


For both stepper motors and servomotors, 
motion control includes both the aecelera- 
tion and deceleration of the motor. The ac- 
celeration part of the move is the interval 
required to achieve the continuous speed 
of the motor. The continuous spced is the 
frequency of pulses (in pulses/sec, or Hz) 
sent to the motor when the motor is at full 
speed. This frequency typically varies from 
1 kHz to 20 kHz. Conversely, the decclera- 
tion part of the move is the interval for the 
speed to decrease to 0 Hz. Acccleration and 
deceleration ramps are specified as the rate 
of change of the speed. 
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Figure 19-3. A typical servomotor drive uses a closed-loop control system with feedback frorn 


an encoder mounted on the motor or load. 


The two modes of motion control are 
single-step profile mode and continuous pro- 
file mode. In single-step profile mode, a PLC 
processor sends individual move sequences to 
the motor. These sequences include the ac- 
celeration and deceleration rates of the move, 
along with the final or continuous speed. 
Once this move sequence is terminated, the 
processor may start another one by transfer- 
ring the next move’s profile information and 
commands. The processor can store several 
single-step mode profiles and send them to 
the module through the PLC program control. 
See Figure 19-4. 
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oo 


Chapter 19—Special-Application Motors 455 


In continuous profile mode, the motion 
profile is cycled through various accelerations, 
decelerations, and continuous speed rates to 
form a blended motion profile. Rather than 
requiring additional commands for motion 
speed changes, an interface in continuous 
mode receives the whole move profile in a 
single block of instructions. The interface then 
performs the step motor control duty until the 
motion is completed and the processor sends 
the next profile. As in the single-step mode, the 
processor can store several continuous-mode 
profiles in its memory and send them to the 
interface during the program execution. 
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Figure 19-4. The two modes of motion control are single-step profile mode and continuous 


profile mode. 
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Definition 


A universal motor is a 
motor that can be oper- 
ated on either single- 
phase AC or DC power. 


Independent and Synchronous Control 


Speed Rate 


Move 2 


Each controller used to control a motor 
controls an axis, since the motion gener- 
ated causes a movement about the X-, Y-, 
or Z-axis. Depending on the PLC manufac- 
turer, more than one axis may be controlled 
using several PLC module interfaces. When 
multiple-axis motions are required, the axes 
can be controlled either independently or 
synchronously. See Figure 19-5. When 
controlled independently, each axis is in- 
dependent of the other, executing its own 
single-step or continuous profile mode. 
The beginning and end time of each axis 
motion may be different. When controlled 
synchronously, the beginning and end of the 
motion commands for each axis occur at the 
same time. A profile of one of the axes may 
start later or end before the other axes, but 


the move that follows will not occur until all ` 


axes have started and ended their motions. 
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UNIVERSAL MOTORS 


. A universal motor is a motor that can be oper- 


ated on either single-phase AC or DC power. 
The motor characteristics are approximately 

i the same on AC as on DC, provided the AC 
voltage does not exceed 60 Hz. A universal 
motor is electrically the same as a DC series 
motor. Current flows from the supply, through 
the field, through the armature windings, 
and back to the supply. The main parts of a 
universal motor are the field windings, which 
are stationary, and the armature, which rotates. 
See Figure 19-6. 


[Tech Fact ; 


Universal motors are typically available in 
sizes less than 1 HP They are used frequently 
in portable tools, such as drills, saws, and 
routers, and in small household appliances. 
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Figure 19-5. When multiple-axis motions are required, the axes can be controlled either independently or synchronously. 


Universal Motors 


COMPENSATED 


WINDINGS 


ARMATURE 


COMPENSATED WINDINGS FIELD 


WINDINGS 


Ei L2 


a 
AC OR DC 


ARMATURE 


COMPENSATED 


Chapter 19—Special-Application Motors 457 


FIELD 
WINDINGS 


FIELD 
WINDINGS 


BRUSH 
= Te 


ne 
AC OR DC 


ARMATURE 


NONCOMPENSATED 


Figure 19-6. The main parts of a universal motor are the field windings, which are stationary, 
and the armature, which rotates. Compensated windings may also be present. 


Universal motors are the most common 
motors found in residences. The main 
advantages of universal motors are high 
torque, high speed, and small size when 
compared to other AC motors. They pro- 
vide high torque in a minimum of space. 
Universal motors are commonly used in 
such applications as kitchen appliances, 
vacuum cleaners, bench tools, and portable 
hand tools, such as saws, drills, routers, 
and grinders. 

Universal motors operate on the same 
principles as DC series motors. The ends 
of the armature coils are connected to seg- 
ments of a commutator. Soft carbon brushes 
are mounted in fixed, insulated holders that 
allow them to slide across the commutator 
segments as the armature rotates. 

When a universal motor is connected 
to an AC voltage supply, the current flows 
through the armature and the field wind- 
ings. The field produces an AC flux that 
reacts with the current flowing through 
the armature to produce torque. Because 


the armature current and the flux reverse 
simultaneously as the AC current changes 
direction, the torque always acts in the same 
direction. Unlike an AC motor, no revolving 
field is produced in a universal motor. 

A compensated universal motor is a 
universal motor with extra windings added 
to the field poles to reduce sparking. These 
extra windings are connected in series 
with the armature windings. Compensated 
universal motors are usually 1⁄4 HP and 
larger and are the most common type of 
universal motor. 

A noncompensated universal motor is 
a universal motor without extra windings 
added to the field poles. Noncompensated 
universal motors are simpler in construction 
and are less expensive than compensated 
universal motors. They are commonly used 
for lower-power output and higher-speed 
applications. Operating a noncompensated 
universal motor on AC poses some prob- 
lems, such as inefficiency due to hysteresis 
and eddy-current losses. 


| Definition 


A compensated univer- 
sal motor is a universal 
motor with extra wind- 
ings added to the field 
poles to reduce sparking. 


A noncompensated 
universal motor is a 
universal motor without 
extra windings added to 
the field poles. 
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Definition 


A linear induction mo- 
tor is an AC motor that 
uses induction to create 
linear movement. 
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Reversing Universal Motors 


Universal motors may be reversing or non- 
reversing. See Figure 19-7. A nonreversing 
universal motor has two power leads and a 
ground wire coming out of the motor. The 
ground wire is used for grounding the frame 
of the motor. Grounding is required on por- 
table tools due to the danger of electrocution. 
The standard direction of rotation for a non- 
reversing motor is counterclockwise facing 
the end opposite the shaft extension. 
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Figure 19-7. Universal motors may be reversing or nonreversing. 


A reversing motor also has two power 
leads and a ground wire coming out of the 
motor. Additionally, it has three or more 
leads available at the reversing switch. A 
universal motor may be reversed by using 
‘one coil for the forward direction and the 
other for the reverse direction. A universal 
motor may also be reversed by reversing 
the direction of current in the field with a 
double-pole, double-throw (DPDT) switch. 
The same field is used for both directions. 


LINEAR INDUCTION MOTORS 


A linear induction motor is an AC motor that 
uses induction to create linear movement. It 
consists of a platen and a reaction plate. The 
platen is the fixed, flat bed of a linear induc- 
tion motor and the reaction plate is the moving 
part. A linear induction motor can be visual- 
ized as a standard induction motor with the 
stator unrolled into a platen. See Figure 19-8. 
For example, a stator with an inside diameter 
of 4’ would unroll into a linear motor of 12.6 
(4 x m = 12.6). In actual practice, a stator 
cannot be unrolled, but it is a useful way to 
visualize a linear induction motor. 

A reaction plate is the equivalent of the 
rotor in an induction motor. It is typically 
constructed of a conductive sheet of copper 
or aluminum. A bearing assembly is needed 
to maintain the air gap between the stator 
and reaction plate. Another design for linear 
induction motors uses two flat platens with 
the reaction plate between them. Horizontal 
travel is limited only by the length of the 
linear motor. Long conveyors can be con- 
structed of multiple linear motors. 

The advantages of linear motors over other 
types of motors include high repeatability 
resolution for consistent part placement; no 
backlash as is seen with gears; fast acceleration 
to shorten cycle times; and low maintenance 
costs because there are no contacting parts. 

Linear-induction motors are used for mo- 
tion control of reciprocal motion machines, 
people movers, and monorail trains. Mono- 
rails and reciprocal motion motors are usually 
two sided, while people movers are more 
likely to be one-sided motors. 


Linear Induction Motors 
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Figure 19-8. A linear induction motor can be visualized as a standard induction motor with the stator unrolled into a linear 


stator, or platen. 


ROTARY PHASE CONVERTERS 


A rotary phase converter is a 3-phase 
power source consisting of a single-phase 
power source, a standard 3-phase induction 
motor, and a standard 3-phase disconnect 
used to supply power to a 3-phase load. 
See Figure 19-9. If 3-phase motors are 
needed in areas where only single-phase 
power is available, a single-phase to 3-phase 
converter is required. There are several 
methods of providing 3-phase power from 
a single-phase source. The selection of the 
method depends on cost, expandability, and 
application. Rotary phase convertcrs are a 
common method used to provide 3-phase 
power in locations where only single-phase 
power is available. 

A rotary phase converter uses a 3-phase 
motor powered by a single-phase source. 
The 3-phase induction motor is sometimes 
called an idler motor because no load is con- 
nected to the shaft. It is only used to induce 
the 3rd phase. When single-phase power is 
applied to the windings of a 3-phase motor, 


the 3rd phase is induced in the windings. 
Three-phase power can be taken from the 
rotary phase converter and used to operate 
any type of 3-phase load. 

When single-phase power is applied toa 
3-phase motor, the motor does not produce 
the rotating field that is necessary for rota- 
tion in the three-phase motor. Some method 
must be used to develop a rotating field to 
start the motor in the rotary phase converter. 
A common method used to develop a ro- 
tating field is to use start capacitors wired 
across each of the phases. Manufacturers 
design rotary phase converters with the cor- 
rect capacitance for the rating of the rotary 
phase converter. 

The horsepower rating of the rotary 
phase converter must be at least as large 
as the largest motor that will be started by 
the rotary phase converter. If the motor is 
to be started under load, the rotary phase 
converter should be about 1.5 times the mo- 
tor horsepower. Even though a rotary phase 
converter can start only one motor of a size 
comparable to the rotary phase converter, 


J Definition a 


A rotary phase con- 
verter is a 3-phase power 
source consisting of 

a single-phase power 
source, a standard 3- 
phase induction motor, 
and a standard 3-phase 
disconnect used to supply 
power to a 3-phase load. 
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the converter can provide power to operate power to operate motors up to about 15 HP 
more than one motor. For example, arotary total, depending on the loads. The motors 
phase converter rated at 5 HP can startan may need to be derated to about 80%. The 
unloaded motor of up to 5 HP. However, manufacturer of the rotary converter should 
the rotary phase converter can provide be consulted. 
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Figure 19-9. A rotary phase converter consists of a single-phase power source, a standard 
3-phase induction motor, and a standard 3-phase disconnect used to supply power to a 3- 
phase load. 


Stepper Motor Resolution 


A stepper controller generates a pulse using leadscrews, which translate rota- 
train that indicates distance, rate, and di- tional movements from a servomotor into 
rection commands to the motor. The num- linear displacement. The actual location 
ber of pulses sent to the stepper, which also depends on the resolution of the 
translates into linear or rotational units stepper and the application, given as the 


of travel, defines position displacement. number of threads per inch of travel in 
Therefore, the number of pulses sent to the leadscrew. The resolution may also 
the motor from the module determines the be given as inches of travel per thread. 
motor’s final position. The motion canbe A leadscrew with a pitch of 4 threads per 
rotational or linear, such as the forward inch has a resolution of 0.25 inches per 
or backward movement of a linear slide thread or 0.25 inches per turn. 
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The information needed to determine = l 
stepper resolution is the leadscrew pitch = pitch x f 
and the stepper frequency. The distance 
moved for each step (resolution) is calcu- = l 
lated as follows: 4x200 


E 1 d= a 
pitchx f 800 


d= distance moved for each step, in in. Since the leadscrew has a pitch of 4 
threads per inch, it takes 4 revolutions to 


travel 1” and it takes 800 steps to travel 1”. 
To calculate the step angle, the number of 

f= stepper frequency, in steps/revolution degrees in one revolution (360°) is divided 
For example, atypical linear slide using a by the number of steps required to turn the 
stepper motor makes one revolution per motor one full revolution. Therefore, the 
200 steps with a pitch of 4 threads per step angle is 1.8°/step (860 + 200 = 1.8). 
inch on the leadscrew. The resolution is This gives a resolution of 1.8°/step or 12o% 
calculated as follows: of one revolution per step. 
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pitch = leadscrew pitch, in threads 
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Servomoter Encoder Resolution 


The input voltage to the servomotor is 
used to control the speed. A PLC servo- 
motor module sends the drive controller a 
+10 VDC signal, which defines the forward 
and reverse speeds of the servomotor. 
These modules are generally used when 
axis motion control, either linear or rota- 
tional, is required. A common linear motion 
example is a leadscrew assembly, which 
translates rotational movements from a 
servomotor into linear displacement. 


-Servomotor position controllers oper- 
ate in a closed-loop system, requiring 
feedback information in the form of speed 
or position. Servomotor controllers may 
receive speed feedback in the form of a 
tachometer input, or position feedback in 
the form of an encoder input, or both. The 
feedback signal provides the module with 


aaa 


PROCESSOR 


information about the actual speed of the 
servomotor and the position of the axis. 
This information is then compared with 
the desired speed and the desired posi- 
tion of the axis and the module output is 
adjusted to correct the error. 


PLCs that have position control capa- 
bilities typically require two PLC modules. 
One module is used to implement the 
servomotor control task and the other is 
used to receive feedback and close the 
loop. Some manufacturers offer com- 
plete servomotor control for one axis in 
a single module. Servomotor control can 
occur in either single-step or continuous 
positioning mode. Depending on the 


manufacturer, multiaxis control can also 


be synchronized in either single-step or 
continuous mode. 
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The PLC processor sends all of the 
move and position information, including 
acceleration, deceleration, and the final 
and feed velocities, to the servomotor 
module. When the module is operating, 
the processor monitors its status without 
interfering with the module’s complex, rapid 
calculations. The processor updates the 
module with a new move for an axis when 
the previous move has been completed 
and the module is ready for a new profile. 
| The acceleration and deceleration param- 
eters are given in inches per minute per 
second (ipm/s) at a specific resolution. 


When servomotor controllers are used 
for position control, the feedback resolution 
provided by the system is a key issue. For 
example, if an interface uses a leadscrew 
(a rotational-to-linear motion translator) for 
axis displacement and an encoder to pro- 
vide a feedback signal to the servomotor 
module, the user must know the leadscrew 
pitch, the number of encoder pulses per 
revolution, and the multiplier value in the 
encoder section of the controller. Some 
controllers allow the user to select a multi- 
plier, thus providing better feedback resolu- 
tion without changing the encoder. 


Each servomotor controller has a pre- 
defined resolution, which typically varies 
from 0.001” to 0.0001”. A tradeoff exists be- 
tween axis speed and feedback resolution 
because resolution decreases as the speed 
increases. Typical axis positioning speeds 
range from 500 to 1000 inches per minute 
(ipm) and encoder feedback input frequen- 
cies range up to 250 kHz. Many servomotor 
modules include an encoder multiplier that 
increases the resolution. The feedback 
resolution is calculated as follows: 


1 
g == 
pitchx f xm 
where 
d= distance moved for each step, in in. 


pitch = leadscrew pitch, in threads 
per in. 


f = encoder frequency, in pulses/ 
revolution 


m = encoder multiplier 
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For example, a PLC system uses 
a servomotor controller to perform a 
one-axis positioning of a metal part. 
This part will be machined at a defined 
profile, which is stored in processor 
memory. A leadscrew with a pitch of 8 
threads per inch, which allows travel 
of %” (0.125”) per revolution, moves 
the part along an X-axis. An encoder 
with 250 pulses per revolution supplies 
position feedback information. The 
encoder is connected to an encoder 
feedback terminal in the servomotor 
controller that can provide a software 
programmable multiplier of x1, x2, and 
x4 increments per pulse, depending 
on the encoder design. In this case, a 
multiplier of x2 is chosen. The feedback 
resolution from the encoder is calcu- 
lated as follows: 


1 
B pitchx fxm 
< 1 
~ 8x250x2 
a 
~ 4000 
d = 0.00025 in. per pulse 


The feedback resolution from the 
encoder is 0.00025 in. per pulse, or 
4000 pulses per in. (1 + 0.00025 = 
4000). Therefore, an encoder monitor- 
ing a part moving 1” generates 4000 
pulses. If the part needs to move 2.5”, 
the encoder will generate 10,000 
pulses (2.5 x 4000 = 10,000). The 
controller counts the pulses to posi- 
tion the part. 
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Application— Stepper Motor the new stator pole energized by Switch 2. If 
Shaft Position the switches are opened and closed again in 
the same order, the rotor continues to move 


A stepper motor rotor can be made from ; A 
in the same direction. 


permanent magnets or electromagnets. The 
stator windings are electromagnets. When the Changing the order in which the switch- 
control switch is closed, the stator windingsare es are opened and closed reverses the 
magnetized by the current flowing throughthe direction of the motor. A stepper motor 
coil. When windings are energized, a stator can rotate in either direction, based on 
pole is created and the motor generates torque the order in which the control switches are 
to align the rotor poles with the stator pole. activated. Although control switches can 
If Switch 1 is opened and Switch 2 is be used to energize the stator windings, 
closed, the rotor moves clockwise a fixed solid-state switches or PLCs are used for 
interval to align the nearest rotor pole with most applications. 


Motors 


SARE 


: Switch Table for Clockwise Rotation 
_ [Rotation (Degrees)| SW1 | SW2 | SW3 | SW4 
a. —sCs|| 


Application—Special-Applicatian 


at 


STATOR | 
WINDINGS | 


| 
| 
| 
| 
CONTROL SWITCH I an 


TO DC POWER SOURCE 


STEPPING MOTOR OPERATION 


e Stepper motors are almost always DC motors that translate incoming voltage and current pulses into mechani- 
cal motion. 


° A stepper motor drive varies the number of pulses to control the position of the load, varies the frequency of the 
pulses to control the speed of the load, and varies the rate of change of the frequency of the pulses to control 
the acceleration and deceleration of the load. 


¢ Stepper motors operate on the principle that like magnetic poles repel each other and unlike magnetic poles 
attract each other. As the commutation changes the voltage and current in the stator windings, the poles change 
and motor moves from one discrete position to another to align the unlike poles. 


¢ A typical servomotor drive uses a closed-loop control system with feedback from an encoder mounted on the 
motor or load. 


° The two modes of motion control are single-step profile mode and continuous profile mode. In single-step mode, a 
PLC processor sends individual move sequences to the interface. In continuous profile mode, the motion profile is 
cycled through various accelerations, decelerations, and continuous speed rates to form a blended motion profile. 


Chapter 19—Special-Application Motors 465 


... Summary 
e Universal motors operate on the same principles as DC series motors. With AC operation, the armature current and 


the flux reverse simultaneously as the AC current changes direction so the torque always acts in the same direction. 


e A rotary phase converter uses a 3-phase motor powered by a single-phase source. The 3-phase induction motor is 
sometimes called an idler motor because no load is connected to the shaft. It is only used to induce the third phase. 


Glossary 


A stepper motor is a motor that uses discrete voltage and current pulses to control the movement of a load. 


Trajectory control is the predictable path of speed changes a stepper motor undergoes as it moves a load from 
its starting position to its desired end position. 


Microstepping is stepper motor control that divides the standard stepper control pulse intervals into smaller inter- 
vals and sends modified current to the motor coils to increase the resolution of a stepper motor system. 


A servomotor is a motor that uses feedback signals to provide position and speed control. 
A universal motor is a motor that can be operated on either single-phase AC or DC power. 


A compensated universal motor is a universal motor with extra windings added to the field poles to reduce 
sparking. 


A noncompensated universal motor is a universal motor without extra windings added to the field poles. 
A linear induction motor is an AC motor that uses induction to create linear movement. 


A rotary phase converter is a 3-phase power source consisting of a single-phase power source, a standard 3- 
phase induction motor, and a standard 3-phase disconnect used to supply power to a 3-phase load. 


1. Explain how a stepper motor uses voltage and current pulses to control movement. 


2. Demonstrate how to calculate the distance moved for each step of a stepper motor with a resolution of 200 
steps per revolution and a leadscrew with a pitch of 6 threads per inch. 


3. Explain how a servomotor uses feedback to control movement. 


4. Demonstrate how to calculate the distance moved for each pulse of a servomotor encoder that has a resolution 
of 100 pulses per revolution, a leadscrew with a pitch of 4 threads per inch, and a software programmable 
multiplier of 1. 


5. Describe the difference between single-step profile mode and continuous profile mode acceleration and 
deceleration. 


6. Explain how a universal motor is electrically the same as a DC series motor. 
7. Explain how a linear induction motor is similar to a standard induction motor. 


8. Describe how a rotary phase converter is used to convert single-phase power to 3-phase power. 


Refer to the CD-ROM 
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Chapter 1 - Magnetism and Induction 


1. Amagnetis a substance that produces a magnetic field and attracts 
magnetic materials. A permanent magnet is a magnet that can hold 
its magnetism for a long period. A temporary magnet is a magnet 
that retains only trace amounts of magnetism after a magnetizing 
force has been removed. An electromagnet is a temporary magnet 
produced when electricity passes through a conductor, such as a 
coil, that concentrates the magnetic field. This is important because 
a temporary magnet can be turned off while de-energlzed, such 
as a coil in a magnetic starter. In addition, the magnetic strength 
can be easily controlled by regulating the amount of current. 


. Electron current flow is a description of current flow as the flow of 
electrons from the negative terminal to the positive terminal of a 
power source. In a battery or other power source, electrons move 
to the negative terminal, creating a separation of charge, with 
the negative terminal having a negative charge and the positive 
terminal having a positive charge. Conventional current flow is a 
description of current flow as the flow of positive charges from the 
positive terminal to the negative terminal of a power source. Ina 
battery or other power source, conventional current flow states 
that positive charges move to the positive terminal, creating a 
separation of charge and a potential difference. 


5. The magnetic field surrounding a coil interacts with another wire 


or coil. The interaction between the magnetic field around the first 
coil and the second coil induces a current in the second coil. The 
induced current in the second coil creates its own magnetic field 
that opposes the initial magnetic field. 


Chapter 2 - Motor Nameplates 


1. Electrical ratings describe the electrical requirements for the 


operation of a motor. 


. Operating ratings describe how a motor is designed and how that 
design relates to where the motor is to be used. 


. Mechanical-design codes describe the different types of motor 
design features. Following the guidelines on mechanical-design 
codes when installing or servicing a motor results in improved 
efficiency and lower operating cost. 


. Definite-purpose motors are designed for applications such as 
washdown-rated motors, submersible pumps, hazardous locations, 
instantly reversible motors, extra-high-torque motors, farm-duty or 
agricultural motors, irrigation, and many other applications. 


. An open motor enclosure is a motor enclosure with openings to 
all passage of air to cool the windings. Open motor enclosures 
include general, drip-proof, splashproof, guarded, semiguarded, 
and drip-proof fully guarded. A totally enclosed motor enclosure is 
a motor enclosure that prevents air from entering the motor. Totally 
enclosed motor enclosures include fan-cooled, nonventilated, 
pipe-ventilated, water-cooled, explosionproof, dust-ignition-proof, 


and waterproof. Totally enclosed motor enclosures can be used 
moist, dirty locations where a fan would clog; can be installed 
the airstream of a driven blower or fan; or can be used with wate 
cooling in enclosed areas or for high power at low speeds. 


Chapter 3 - Motor Protection 


1. A short circuit, a ground fault, and an overload are all types 
overcurrents. A short circuit is an excessive current that leav 
the normal current-carrying path by going around the load al 
back to the power source or ground. A ground fault is a type 
short circuit consisting of an unintentional connection betwe: 
an ungrounded conductor and any grounded raceway, bc 
enclosure, or fitting. An overload is an excessive current that 
confined to the normal current-carrying conductors and is caus 
by a load that exceeds the full-load torque rating of the motor 


3. An Edison-base fuse is a plug fuse that incorporates a scre 
configuration that is interchangeable with fuses of other ampera: 
ratings. A type S fuse is a plug fuse that incorporates a scre 
and adapter configuration that is not interchangeable with fus 
of another amperage rating. Since Edison-base fuses have i 
interchangeable screw configuration, it is possible to overfuse 
circuit by using the wrong size fuse. Type S fuses are noninte 
changeable with fuses of a lower amperage rating, which protec 
the circuit from the possibility of overfusing. 


5. Common types of CBs include inverse-time CBs, adjustable-ti 
CBs, non-adjustable-trip CBs, and instantaneous-trip CBs. 


7. An OCPD must clear short circuits and ground faults, but mt 
not open the circuit because of the normal momentary inru! 
current of a motor starting. OCPDs are installed in the combin 
tion starter, safety switch, or fuse panel. After a motor has start 
and has accelerated to its rated speed, the motor draws enou 
current from the power lines to remain running. The overlo: 
relays in a motor starter are time-delay devices that allow ter 
porary overloads without disconnecting the motor. If an overlo: 
is present for longer than the preset time, the overload relays tı 
and disconnect the motor from the circuit. 


9. An electromagnetic overload relay is a relay that operates on t 
principle that as the level of current in a circuit increases so does t 
strength of the magnetic field produced by that current flow. Wh 
the level of current through a current coil in the circuit reaches t 
preset value, the increased magnetic field acts as a solenoid a 
opens a set of contacts. An electronic overload relay is a device th 
has built-in circuitry to sense changes in current and temperatu 
An electronic overload monitors the current in the load directly 
measuring the current in the power lines leading to the load. 


Chapter 4 - Three-Phase Motors 


1. The iron sheets are electrically separated from each other by i 
insulating coating. The separation reduces the cross-sectior 
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area of the core and shortens the conductive path for damaging 
eddy currents. The laminations break the potential conductive 
path in the core into smaller sections and reduce the loss. 


. A rotor consists of a core, windings, and the shaft. The rotor core 
consists of many thin iron sheets laminated together. The rotor wind- 
ings vary, depending on the type of motor. The shaft provides support 
for the rotor and transfers power from the motor to the load. 


. The synchronous speed of a 2-pole motor is calculated as follows: 


_ 7200 
> E 
7200 
Q == 
an 2 
Q, = 3600 rpm 


. In a wye-connected, 3-phase motor, one end of each of the three 
phases is internally connected to the other phases. The remain- 
ing end of each phase is then brought out externally to form T1, 
T2, and T3. In a delta-connected, 3-phase motor, each phase 
is wired end-to-end to form a completely closed circuit. At each 
point where the phases are connected, leads are brought out 
externally to form T1, T2, and T3. 


. Power factor is the ratio of true power to apparent power. For a 
3-phase, 5 HP, 240 V motor that has 94% efficiency and draws a 
full-load current of 12 A, the power factor is calculated as follows: 


_  hpx746 
j VEE 
PE 5x746 
240 x12 x V3 x 0.94 
pf = 0.80 


Chapter 5 - Induction Motors 
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5. A wound-rotor motor starter contains low-wattage resistors 


and should only be used during startup. The resistors must be 
removed from the rotor circuit after the motor is up to speed. A 
wound-rotor motor regulator contains high-wattage resistors and 
is used for starting and speed control. The resistors can remain 
in the rotor circuit continuously to allow for speed control. 


Chapter 7 - Synchronous Motors 


1. The rotor of a synchronous motor has induction windings as well 


as synchronous windings. The rotor starts and accelerates to 
near-synchronous speed, similarly to a standard induction motor. 
When the DC power is applied to the rotor field, the discharge 
resistor is switched out of the circuit. The purpose of applying 
the DC to the field winding is to create a magnetic field (electro- 
magnet) that synchronizes with the stator field. 


. Most often, the DC is applied to the rotor through slip rings 


mounted on the shaft. Other methods of applying a DC exciting 
current to the rotor windings include DC shaft-mounted exciters, 
motor-generator (M-G) sets, static exciters, and brushless excit- 
ers. In addition, some rotors are manufactured with permanent 
magnets to eliminate the need for excitation. 


. The exciter circuit includes relays or a control module that 


switches the motor from inductive operation to synchronous 
operation. The reactive voltage in the reactor is reduced as the 
frequency decreases. At the optimum point, the frequency is low 
enough that the PFFR AC coil cannot force the DC flux through 
the armature. The armature opens, closing the PFFR NC contact 
in series with the M contact in the exciter circuit. This energizes 
relay F, and the contactor closes the two NO contacts, connecting 
the exciter generator output to the rotor. 


. Reluctance torque is torque developed by the salient rotor poles 


that occurs before the poles are excited by the external DC power. 


1. The stator consists of a core and windings. : : j : 
= Pull-in torque is the maximum torque required to accelerate a 


synchronous motor into synchronization at the rated voltage and 
frequency. Pull-out torque is the torque produced by a motor 


3. The rotor consists of a core and windings, mounted on a shaft. 


5. With Motor Design A, the bars are placed near the surface of the 


rotor and have low reactance. The low reactance allows for large 
current to flow through the bars and a large torque to be developed. 
With Motor Design B, the bars are narrow and are placed deep 
in the iron, which increases the reactance and lowers the current, 
while maintaining normal starting torque. With Motor Design C, 
the rotor has two conductor bars in each slot, with one above the 
other. The top bar is a high-resistance conductor that carries most 
of the current during starting. With Motor Design D, high-resistance 
bars are placed deep in the iron, creating low starting current. 


Chapter 6 - Wound-Rotor Motors 


1. A wound-rotor motor can be distinguished from a squirrel-cage 
induction motor by the presence of the coils of wire in the winding 
slots instead of the solid conductor bars, by the presence of the 
three slip rings on the shaft, and by the presence of an external 
resistance bank. 


. Once the motor starts, the speed of the rotor increases and the 
induced frequency decreases, decreasing the induction and in- 
duced current in the rotor. Resistance is removed from the rotor 
circuit to increase the current and torque to allow the motor to 
continue to accelerate. This can continue in steps, with the num- 
ber of steps depending on the motor design. For each step, the 
motor accelerates, the current decreases, and more resistance 
is removed, until the motor is at full-load speed. 


overload that pulls the rotor out of synchronization. Torque angle 
is the angle between the rotor and stator fields as a synchronous 
motor is running under load. 


Chapter 8 - Single-Phase Motors 


1. The start winding is placed 90 mechanical degrees from the run 


windings. The start winding is made from smaller wire, giving it 
a higher resistance, and fewer turns, giving it a lower reactance, 
than the run winding. In most motor designs, the start winding 
must be removed from the circuit after the motor reaches about 
60% to 80% of full-load speed. 


. The shading coil receives its power as a result of transformer action 


by the motion of the flux in the iron. The induced current is about 
90° behind the main pole. 


. A capacitor motor introduces capacitance into an AC circuit to 


create a phase shift between the start and the run windings. It 
creates a greater phase shift than a start winding alone. The 
capacitor is added to provide a higher starting torque at lower 
starting current than is delivered by the split-phase motor. 


. The most common application of split-phase motors is for use 


in easy-to-start applications such as fans, business machines, 
machine tools, and centrifugal pumps. 
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chapter 9 - AC Alternators 


1. A stator consists of a core and windings. The stator is enclosed 
within a housing. 


. Centrifugal force is larger for high-speed rotation and large diam- 


eters and is smaller for low-speed rotation and small diameters.. 


Salient poles and spider rings are used at slow speeds. Salient 
poles are not used at high speeds. In addition, the rotor diameter 
is minimized at high speeds. 


. A voltage regulator senses the voltage output of an alternator. If 
the voltage is not at the setpoint, the regulator adjusts the strength 
of the alternator magnetic field to vary the strength of the poles. 
This changes the interaction between the stator and the rotor 
and changes the voltage output. 


. When the synchroscope needle is stationary at the twelve o’clock 
position, the frequencies and phases are matched and the alter- 
nator can be brought on-line. In actual practice, the frequency of 
the alternator should be slightly faster than the frequency on the 
power line. 


. A controller measures the parameters of the incoming source and 
the busbar and adjusts the alternator to match the busbar. An 
automatic synchronizer energizes a relay and closes a contact 
when the incoming source and busbar match. 


Chapter 10 - DC Motors and Generators 


1. DC motors and generators consist of field windings in the field 
frame, an armature, and a commutator and brushes on the shaft. 
Both machines depend on induction, where there is relative mo- 
tion between a magnetic field and a conductor. 


. When power is applied to a DC motor, both the armature windings 
and the field windings generate magnetic fields that become dis- 
torted when they interact. When there is no current in the armature, 
the magnetic field between the field poles is undistorted and the 
neutral plane is at right angles to the field flux. When there is current 
in the armature, the magnetic field between the field poles is distorted 
and the neutral plane is at an angle to the original position. 


. A DC series motor has high starting torque and low running 
torque. A DC shunt motor has moderate starting torque with 
steady torque as the motor speeds up. A DC compound motor 
has moderate starting torque that drops off as the motor speeds 
up. A DC permanent-magnet motor has high starting torque that 
drops off as the motor speeds up. 


Chapter 11 - Starting 


1. In an open-circuit transition, a motor is temporarily disconnected 
from the voltage source when switching from a reduced starting 
voltage level to a running voltage level, before reaching full motor 
speed. In a closed-circuit transition, a motor remains connected to 
the voltage source when switching from a reduced starting voltage 
level to a running voltage level, before reaching full motor speed. 


. Full-voltage starting is the simplest and least expensive method 
of starting a motor, but has high starting current and high starting 
torque. 


. Autotransformer starting provides the highest torque per ampere 
of line current, with the motor current greater than line current 
during starting, but is relatively expensive, especially in smaller 
motors, and has a low power factor. 


7. Wye-delta starting has low starting current and works well with 


high-inertia, long-starting loads, but requires a special motor. 


9. A typical autotransformer may have a turns ratio of 1:0.8. Autotrans- 


former starting can use the turns ratio advantage to provide more 
current on the load side of the transformer than on the line side. 


Chapter 12 - Braking 


1. 


Braking is used when it is necessary to stop a motor more quickly 
than coasting allows. Hazard braking may be required to protect an 
operator even if braking is not part of the normal stopping method. 


. Friction braking has the advantage of being relatively inexpensive 


with simple maintenance. Few expensive electrical components 
are needed. Friction braking has the disadvantage of requiring 
frequent maintenance to inspect and replace the brake shoes. 


. Plugging is more expensive than friction braking but less expen- 


sive than other braking methods. It allows for rapid stopping and 
can be used as an emergency stop. Plugging can only be used 
with motors that can be reversed at full speed. Plugging draws 
high current and generates considerable heat, so a motor witha 
high service factor should be used. 


. Electric braking provides a quick and smooth braking action on 


all types of loads. Maintenance is minimal because there are no 
parts that wear from physical contact. However, electric braking is 
relatively expensive because of the electronic components required 
to switch the DC field. Electric braking requires a power source 
at all times. Electric braking cannot stop a motor in the event of a 
power failure, and it cannot be used for holding a load. 


. Because of the heat generated during dynamic braking, the 


number of allowed stops per hour may be limited. Dynamic brak- 
ing is relatively expensive because of the electronic components 
required to reconnect the motor as a generator. The braking 
action is strongest as the leads are reversed and decreases as 
the motor slows, because the generator action decreases as the 
motor slows. Therefore, dynamic braking cannot brake a motor 
to a complete stop and cannot be used for holding a load. 


Chapter 13 - Multispeed Motors 


1 


. Aseries connection of two windings has one pole. The current flows 


through both coils in the same direction so both coils have the same 
pole. The poles merge since they are adjacent. The same windings 
connected in parallel have two poles. The current flows through the 
coils in opposite directions so the coils have opposite poles. The 
poles are separate since they are opposite. A motor with four poles 
when wired in series has eight poles when wired in parallel. 


. In this type of control circuit, pressing the low-speed pushbutton en- 


ergizes the low-speed starter coil and starts the motor in low speed. 
The NC interlock contact from the low-speed starter prevents the 
high-speed starter coil from being energized. The motor can also 
be started by pressing the high-speed pushbutton. This energizes 
the high-speed starter coil and starts the motor in high speed. In 
this case, the NC contact from the high-speed starter prevents 
the low-speed starter coil from being energized. No matter how 
the motor is started, the stop pushbutton must be pressed before 
changing from low to high speed or from high to low speed. 


5. The compelling circuit logic compels the operator to first start 


the motor at low speed before changing to high speed. This ar- 
rangement prevents the motor and driven machinery from starting 
at high speed. The motor and driven machinery are allowed to 


accelerate to low speed before accelerating to high speed. The 
circuit also compels the operator to press the stop pushbutton 
before changing speed from high to low. 


Chapter 14 - Adjustable-Speed Drives 


1. The converter section of an adjustable-speed drive is used to convert 
the AC source power into DC power that can be inverted back to 
variable-frequency voltage in the inverter section. Converter sections 
of adjustable-speed drives are single-phase full-wave rectifiers, 
single-phase bridge rectifiers, or three-phase full-wave rectifiers. 


. The inverter section of an adjustable-speed drive controls the volt- 
age level, voltage frequency, and amount of current that a motor 
receives. Common inverter designs for AC motors use pulse-width 
modulation to vary the frequency of the voltage applied to the mo- 
tor. Common inverter designs for DC motors use SCRs or chopper 
circuits to vary the voltage applied to the motor. 


. Conductors between an adjustable-speed drive and motor have 
line-to-line (phase-to-phase) capacitance and line-to-ground 
(phase-to-ground) capacitance. Longer conductors produce 
higher capacitance that causes high-voltage spikes in the voltage 
to a motor. Voltage spikes are a problem because spikes stress 
motor insulation. 


. A closed-loop vector drive uses shatt-mounted sensors to de- 
termine the rotor position and speed of a motor and send the 
information back to the adjustable-speed drive. Feedback from 
sensors, like encoders and tachometers, allows an adjustable- 
speed drive to automatically make adjustments to better meet 
the motor requirements. An open-loop vector drive, or sensorless 
vector drive, has no feedback from the motor. An open-loop vector 
drive uses an internal model of the motor and load to control the 
speed. 


Chapter 15 - Bearings 


1. A radial load is a load applied perpendicular to the rotating shaft, 


straight through the ball toward the center of the shaft. A rotating 
shaft resting horizontally on, or being supported by, a bearing 
surface at each end has a radial load due to the weight of the 
shaft itself. An axial load is a load applied parallel to the rotating 
shaft. A rotating vertical shaft has an axial load due to the weight 
of the shaft itself. 


. Press fit is a bearing installation where the bore of the inner rotat- 
ing ring is smaller than the diameter of the shaft and considerable 
force must be used to press the bearing onto the shaft. Push fit is 
a bearing installation where the diameter of the outer fixed ring 
is smaller than the diameter of the bearing housing and the ring 
can be pushed in by hand. 


. Devices used for lubricating bearings include grease fittings, 
pressure cups, oil cups, and oil wicks. 


. Brinell damage is bearing damage where applied force exceeds 
the yield strength of the surface and presses the balls into the 
surface to cause indentations. It results in indentations in the 
surface that are spaced the same as the distance between the 
balls. Fluting is the elongated and rounded grooves or tracks 
left by the etching of each roller on the rings of an improperly 
grounded roller bearing when current passes through the bearing. 
Fluting marks do not occur at the same distance apart as the ball 
bearings, as happens with Brinell damage. 
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Chapter 16 - Drive Systems and Clutches 


1. Belts are attached to a motor shaft and a load shaft. As the 


motor shaft turns, friction between the belt and a pulley provide 
the torque to needed to turn the other shaft. Pulleys are used to 
change the speed of a driven load relative to the motor speed. 
A pulley system depends on friction between the V-belt and the 
sheave. 


. A timing belt provides a drive system that has no slippage or 


creep, does not stretch, needs no lubricant, requires low belt 
tension, and has very little backlash. Timing belts can provide 
more efficiency than V-belts by combining the advantages 
of a flat belt drive system and a positive synchronous drive 
system. 


. Agear drive is a synchronous mechanical drive system that uses 


the meshing of two or more gears to transfer motion from one 
shaft to another. Gear drives provide positive contact between 
gears and the teeth prevent significant slippage. The gear ratio 
determines how fast the driven gear rotates in relation to the drive 
gear. 


. A friction clutch uses the force of friction between two or more 


rotating disks, drums, or cones to engage or disengage the two 
shafts. Engaging the clutch brings the clutch components together 
and starts power transfer from the motor to the load. Disengaging 
the clutch separates the clutch components and stops power 
transfer from the motor to the load. 


Chapter 17 - Motor Alignment 


1. 


; Sane 


Considerations for good alignment include preparation of founda- 
tions and base plates; piping strain; anchoring; machinery adjust- 
ments during alignment; soft foot, and thermal expansion. 


. A jackscrew is inserted through a block attached to a machine 


base plate. Jackscrews are used to move a machine horizontally. 
Shims are used as spacers between machine feet and a base 
plate. Shim stock is used to make shims. Shims are used to move 
a machine vertically. 


. Inthe shaft-deflection method, the shaft is checked for deflection 


when anchor bolts are tightened or loosened. The anchor bolt 
for one foot at a time is loosened while keeping the bolts for the 
other three feet tightened. If the shaft moves more than 0.002”, 
critical distortion has occurred and correction is necessary. 


. Total indicator readings are found by subtracting one reading from 


the other reading and taking the absolute value of the difference. 


d 


where 

S = shim thickness (in in.) 

g = Measured gap at coupling (in in.) 

d= distance between gap measuremenis (in in.) 

D = distance between adjustment and pivot points (in in.) 
Given that g = 0.030, D = 10, and d= 4, the shim thickness is 
calculated as follows: 


$= 0.030x 12 
A 
$= 0.030x25 


S = 0.075” 


470 MOTORS 


Chapter 18 - Troubleshooting Motors 


1. As the temperature in a motor increases beyond the temperature 
rating of the insulation, the life of the insulation is shortened. The 
higher the temperature, the sooner the insulation will fail. When 
motor insulation is damaged, the windings short and the motor 
is no longer functional. 


. Calculate the average voltage, Va. 
_ 468+ 474+ 458 
7 3 
V, = 467 V 
Calculate the maximum voltage deviation, V, 
V,= 468 - 467 =1 
V,=474 -467 =7 
V,= 458 - 467 = -9 
V is the largest deviation from the average. In this case, V,= 9 V. 
Calculate the voltage unbalance, V, 


v, = “2 x100 
Va 

v, => x100 
467 

V, = 0.0193 x 100 

V, = 1.93% 


1. Measure the voltage at the motor terminals. if the voltage is 
present and at the correct level on all three phases, the mo- 
tor must be checked. If the voltage is not present on all three 
phases, the incoming power supply must be checked. 


2. If voltage is present but the motor is not operating, turn the 
handle of the safety switch or combination starter OFF. 


3. Disconnect the motor from the load. 


4. Turn power ON to try restarting the motor. If the motor starts, 
check the load. 


5. If the motor does not start, turn it OFF and lock out the 
power. 


6. Check for open or shorted windings. 


7. Visually inspect the motor. Reset the thermal switch (if present) 
and try to start the motor. Test voltage at the motor terminals. 
Turn OFF and lock out the motor. Measure the resistance of 
the windings to check for an open or short. Inspect and oper- 
ate the centrifugal switch. 


9. The first step is to check the brushes and commutator. Check 


the brush movement, tension, and brush length. Check for brush 
location and pressure. Check the commutator film and mica 
insulation. lf the brushes or commutator are not a problem, the 
next step is to check the rest of the motor, the source, and the 
load. 


1. Check the voltage at the motor terminals. If the meter shows 
that the correct voltage is present, the problem is in the mo- 
tor or load. If the meter shows that the correct voltage is not 
present, the problem is upstream of the motor and the starter 
or drive, the control circuit, and the power system should be 
checked. 


2. Ifthe motor starts without the load, the problem is with the load. 
lf the motor starts without the load but vibrates excessively, 


11. 


13. 


the problem is with the coupling or bearings or with loose 
field windings. If the motor does not start without the load, 
the problem is probably an open in one of the windings or an 
open between the brushes and the armature. 


3. Check the field winding for an open or short. Before checking 
the windings, all power needs to be removed from the motor. 
~ 


1. Visually inspect the motor starter. 
2. Measure the incoming voltage coming into the power circuit. 


3. Measure the voltage delivered to the motor from the reduced- 
voltage power circuit during starting and running. 


4. Measure the motor current draw during starting and after the 
motor is running. 


A dual-voltage, wye-connected motor has four separate circuits, 
three circuits of two leads each (11-14, T2-T5, and T3-T6) and 
one circuit of three leads (T7-T8-T9). A dual-voltage, delta-con- 
nected motor has three separate circuits of three leads each 
(T1-T4-T9, T2-T5-T7, and T3-T6-T8). A continuity tester may 
also be. used to determine the winding circuits on an unmarked 
motor by connecting one test lead to any motor lead and tem- 
porarily connecting the other test lead to each remaining motor 
lead. All pairs of leads need to be checked with all the remaining 
motor leads to determine if the circuit is a two- or three-lead 
circuit. The motor is a wye-connected motor if three circuits of 
two leads and one circuit of three leads are found. The motor 
is a delta-connected motor if three circuits of three leads are 
found. 


Chapter 19 - Special-Application Motors 


1. 


Stepper motors operate on the principle that like magnetic poles 
repel each other and unlike magnetic poles attract each other. 
In motion control applications, commutation is accomplished 
through electronic control of the drive voltages and currents in 
the stator windings. As the commutation changes the voltage and 
current in the stator windings, the stator poles change and rotor 
moves from one discrete position to another to align the unlike 
rotor stator poles. 


. The feedback provides information on the exact location of 


the shaft or load. The control system adjusts the signal to the 
servomotor drive to place the shaft or load where it should be. 
The servomotor drive controls the voltage and current that flows 
through the servomotor armature and windings. 


. In single-step profile mode, a PLC processor sends individual 


move sequences to the motor. These sequences include the 
acceleration and deceleration rates of the move, along with the 
final or continuous speed. In continuous profile mode, the motion 
profile is cycled through various accelerations, decelerations, 
and continuous speed rates to form a blended motion profile. 
Rather than requiring additional commands for motion speed 
changes, an interface in continuous mode receives the whole 
move profile in a single block of instructions. 


. A linear induction motor can be visualized as a standard induc- 


tion motor with the stator unrolled into a linear stator, or platen. 
A reaction plate is the equivalent of the rotor in an induction 
motor. It is typically constructed of a conductive sheet of copper 
or aluminum. 
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Muitispeed Motor Connections fen 


he following diagrams are typical 1 motor connection arrangements, “conforming to NEMA standards. not all possible 


arrangements are shown. 


3% 
TWO-SPEED 
ONE-WINDING 
CONSTANT 
HORSEPOWER 


3 
2) TWO-SPEED 
ONE-WINDING 
CONSTANT 


TORQUE 


L3 TOGETHER 


OPEN TOGETHER 


3p 
TWO-SPEED 
ONE-WINDING 
VARIABLE 
TORQUE 


OPEN TOGETHER 


T3 — T4, T5, T6 
T5 | ALL OTHERS 


ALL OTHERS 


3 
TWO-SPEED 
SEPARATE 
WINDING 


TI 


3% 
TWO-SPEED 
SEPARATE 
WINDING 


T 


T1, T2, T3 


TWO-SPEED 
SEPARATE 
WINDING 


T1 


OPEN 
ALL OTHERS 


OPEN 


ALL OTHERS 


36 
TWO-SPEED 
SEPARATE 
WINDING 


AL 


T13 T17 


2 
TWO-SPEED 
ONE-WINDING T4 
VARIABLE 
TORQUE 


[ SPEED [11 


ALL OTHERS 
ALL OTHERS 


TWO-SPEED 
SEPARATE 
WINDING 


ALL OTHERS 
ALL OTHERS 


HIGH [T11 [T12 [713, T17| 


THREE-SPEED 


TWO-WINDING 
CONSTANT 
HORSEPOWER 


Lema 


tT tr 16 113 T12 


> 
THREE-SPEED 


TWO-WINDING 
CONSTANT 
HORSEPOWER 


T4 


3 
THREE-SPEED 
TWO-WINDING 

CONSTANT 
HORSEPOWER 


Ti 


T2 115 T16 


TZ 
TOGETHER 


ALL OTHERS — 
ALL OTHERS {114,115,116,117 


Sted k OPEN | TOGETHER | 
ALL OTHERS |T4, T5, T6, T7 
ALL OTHERS 

E A [T13 _|ALL OTHERS 


711/712 ;T13 
ae T16|T14 T15, T17{|ALL OTHERS 
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- . - Multispeed Motor Connections 


Note: The following diagrams are typical motor connection arrangements, conforming to NEMA standards. not all possible _ 
arrangements are shown. 


3 / 3 z 
® THREE-SPEED THREE-SPEED THREE-SPEED 
TWO-WINDING — TWO-WINDING TWO-WINDING 


CONSTANT CONSTANT CONSTANT 
TORQUE TORQUE TORQUE 


T4 il 


T3 
7 FA 


E T6 T12 


TOGETHER SPEED|L1 |L2 |L3 
T1 T3, T7 | ALL OTHERS Low [11 [T2 [T3 


| 2ND [T6 T4 |T5 ALL OTHERS Se ||| T12[T13, T17| 
ae T41 {712 |T13__|ALL OTHERS (71, T2, T3, T7 l2, 13, HIGH EE ALL OTHERSJT11, T12, T13, T1 


46) THREES SPEED 17; THREES SPEED 18) CF) tree: SPEED 

TWO-WINDING TWO-WINDING TWO-WINDING 
VARIABLE VARIABLE VARIABLE 
TOROUE TORQUE TORQUE 


T4 T4 T 


T5 |ALLOTHERS | T1, T2, T3 
T13 [ALL OTHERS | ————— 


3 
® FOUR SPEED FOUR-SPEED j FOUR-SPEED 
TWO-WINDING TWO-WINDING TWO-WINDING 
CONSTANT CONSTANT CONSTANT 
HORSEPOWER HORSEPOWER TORQUE 


T4 T4 1E; 


T6 T15 T17 T12 T16 


OPEN | TOGETHER 
ALL.OTHERS| T4, T5, T6, T7 


T11 [T42 |T13, T17/ALL OTHERS 


FOUR-SPEED 23 FOUR-SPEED CE) FOUR-SPEED 
TWO-WINDING TWO-WINDING TWO-WINDING 
CONSTANT VARIABLE VARIABLE 
TORQUE TORQUE TORQUE 


T4 


TOGETHER 

1 [T2 [T3, T7 _|ALL OTHERS pok ALLOTHERS| ———— See 
Aone i ———— a0 6 |T4 ALL OTHERS mes Milti lTi [ALLOTHERS| —————._ | 

ALL OTHERS! T1, T2, T3, T7 _|||3R a Fe Tia |ALLOTHERS| =————— T4 fs |ALLOTHERS| 11,72,73 | 

ALL OTHERS|T11, T12, T13, T1 HER mimg T15 [ALL OTHERS aA T14 
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e „ 230 v V Motors and Circuits — 240 V System 


Motor Overload Protection 
Low-peak or Fusetron® 


Minimum size of 
copper wire and 
trade conduit 


Controller termination 


Switch 115% temperature rating 


minimum or 
HP rated or 
fuse holder 
size 


Minimum 
size of 
starter 


Motor less 
than 40° C or Í All other 
greater than | motors (Max Wire size (AWG 
1.15 SF (Max | fuse 115%) 


ee fuse 125%) or kemil) 

[Me | af a soit "| o os ne all na ca ie a 7 
[a 28] on | 3% | 0 | o | + |: | 14 % 
ee 14 % 


6.8 on 
Fd Sr E.. 


1 | 15.2] 2 | oam | oam | 


60° C 75°C 


Conduit 
(inches) 


“two sets of muliple conductors and two runs of Conduit required 
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30, 460 V Motors and Circuits — 480 V System 


= rs naires reer a | 
Motor Overload Protection ini i 
ae Minimum size of 
Low. 5 ` A Controller termination 
ow-peak or Fusetron Switch 115% temperature rating copper wire and 


minimum or | Minimum trade conduit 


HP rated or | size of 


size Wire size (AWG Conduit 


1%o 
214 
3%0 


150; 180 


i PI ecco ai) oy 


300 | 361 450 400 600 a a || a alae | 410-26" Ler D.o = 


“two sets of multiple conductors and two runs of conduit required 
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Mator Frame Dimensions . maa 


Sele TL re 


se aw 2% i% 2 
T Ag 7 T ew 4v a 2⁄6 1% 2% 
e S a ee e e E 
a pa %e Me i [ES | = 2% 
182T F a a 9 6% 3% iy 2%, 
PIT 5; a % | 9 7% T noO 2% M 
184T 1% 2% 14 VA 1% 9 WA 4% 3% 2%, 234 
203 w m lE ~ 4 2% M 
204 Ha aA He Ag 1% 10 8% 5 3% 3% 
v v 2 10% 7% 5 2% 3% 
213T Yg 6 2% | 10% 7% 5% 234 3% 
215 1% 10% 9 54 
215T 1% 10% 9 54 
224 1 8 5 
225 11 9% 54% 
254 12% 10% 6% 
254U 12% 10% 6% 
2547 12% 10% 6% 
1% 3% | %e %e B | 12% 12% 6% 
256T 1% 3% % 2% | 12% 12% 6% ee LVA 
7 


NM 
= 
ive) 


326U % % 4M, 
326S 9 


% % 
326T % 5 16 15% 
326TS 1% 3% VA i 16 či i 6 514 


* Not NEMA standard dimensions 


7 
7 
y 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
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. .. Motor Frame Dimensions 
Dimensions — Inches 


B D E F 


ono won ojo © o DO © 


7 
7 
7 
ii 
li 
if 
if 
7 
7 
4 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
2) 
s) 
J 
9 
9 
9 
9 
9 


* Not NEMA standard dimensions 
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j Frame No. 
Series 


16.00 
18.00 


20.00 22.00 


29.00 28.00 32.00 


Frame No. i Third/Fourth Digit of Frame No. 
Series 10 J 11 12 


[13 | 14 

9.00 | 10.00 | 14.00 
10.00 | 11.00 | 12.50 
£ 14.00 16.00 18.00 


= = — | =z 
| = T 
2500 
22.00 | 25.00 | 28.00 
28.00 | 32.00 
32.00 | 36.00 

40.00 


eo roo | “3600 | omo | aso | saaa [se 00 | esoo | rroo | eooo 


TER LENGTH OF SHAFT ES. DIAMETER 


Se OF SHAFT 
al 
wire" Gasoline pump motor = 

Sump pump motor l Í 

Oil burner motor oa : 

Standard short shaft for direct connection Ct m 

Standard dimensions established E F ale 

Previously used as frame designation for AT 

which standard dimensions are established Eo EERO 

Special mounting dimensions required q FRAME WIDTH L FRAME HOLES TO END 

from manufacturer . fe 
CENTER OF SHAFT LENGTH OF MOTOR 


TO CENTER OF CENTER OF MOTOR TO 
MOUNTING HOLES CENTER OF MOUNTING HOLES 


Standard mounting dimensions except 
shaft extension 
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IEC— Reference Chart | 


ATED =x 4 HOLES 


DIA. 


AES | Type Foot Mounting* Shaft B5 Flange B14 Face* Orak | 
pA [Bi] c{H [ote fai m| N] eplsiti min] els XX 


4.760| 500 | 
taga 3.397 | 3.150 | 1.570 | 2.480 SIE 4.528 | 3.740 | 5.512 2.953 | 2.362 | 3.540 Metre AGED (tell a eee a 
4,690 5.140 | .690 
400 5.600 | 4.510 880 
Ech 3.937 | 1.969 | 3.150 a 6.496 | 5.118 | 7.874 | 430] 138| 3.937 a 4.724 Pan RR Ee Be 
3.937 6.614 | 5.120 | 6.810] .880 | 
4.409 5.875 | 7.906 
hoe 3.937 “n= 2,362 ee a so 6.299 S|: 7.875 | OATS 1.062 
ae 2.760 | 4.409 0 2.362 8.465 | 7.087 | 9.840 FE 5.108 6.299 gog 7.875 | 5.875 | 8.437 | 1.062 
| 
5.197 | 1.496 | 3.150 | .562 | 10.433 | 9.055 | 11.814 160| 6.496 | 5.118 | 7.874 138 7.375 | 10.062| 1.062 | 
m -Aa v8 hoe eI Fant ee eee 79a ES Bee E E 
M 9.488 
10.984 | 2488 | 4.764 | 7.087 | 1.890 | 4.331 41.811} 9.842 | 13.780 | 748 13.120 | 14.640] 2.008 
efh 12.520 | 19:516 | 5.236 | 7.874 | 2.165 | 4.331 fe 13.780 | 11.811 | 15.748 PEAR de rare a 16.375] 2.500 
12,244 i 
15.984 | {2248 | 6.614 | 9.843 | 2.756 20.472 | 17.992 | 20.197] 2.500 


zon 


i 8.500 | 12.400 | 3.346 | 6.693 + | 29.900] 26.880| 28.840) 4 
j he Í - 4— i f | ; f i 1 i | 1 
> a + | 29.900 | 26.880 | 28.320 
355 24 | 32600 | 10 | 13.980 | 3.346 | 6.693 


*Inin. 
t Contact manufacturer for °L* dimensions 
t DC motor 
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p 


_AC Mator Characteristics _ 


P Typical Starting Ability i Speed Range 


16 Voltage (Torque) 
Shaded- 115 V, Very low 50% t0100% - Fractional Fixed 900, 1200, Light-duty applications such as small fans, 
pole 230 V of full load Ye HP to% HP 1800, 3600 hair dryers, blowers, and computers 
Split- phase 115 V, Low 75% to 200% Fractional Fixed 900, 1200, Low-torque applications such as pumps, 
piip 230 V of full load YHP or iess 1800, 3600 blowers, fans, and machine tools 


Capacitor- 15y, High 200% to 350% Fractional to Fixed 900, Hard-to-start loads such as refrigerators, 
start 230 V of full load 3 HP 1800 air compressors, and power tools 


Typical Uses 


Capacitor - 115 V, Very low 50% to 100% Fractional to Fixed 900, Applications that require a high running 
run 230 V of full load 5 HP 1800 torque such as pumps and conveyors 


re 115 V, Very high 350% to Fractional to Fixed 900, aca Applications that require both a high starting 
230 V 450% of full load 10 HP 1800 > and running torque such as loaded conveyors 


run 115% 


| 230 V, Low 100% to 175% Fractional to Fixed 900, 1200, ; a Beer 
z 460 V of full load over 500 HP 3600 Meet ineunt eaoin 
Wound 230 V, High 200% to 300% YHP to vang a N Applications that require high torque 
rotor 460 V of full load 200 HP tesistance in rotor 350% at different speeds such as cranes and elevators 
Synchronous 230 V, Very low 40% to 100% Fractional to Exact constant Applications that require very slow 
460 V of full load 250 HP speed speeds and correct power factors 


* based on standard 3 induction motor 


ao ee 


Motor Typical Starting Ability Speed Range 
Type Voltage (Torque) (rpm) 


Very high ; , F E y f 
DC Series 12 V, 90 V, 400% to 450% Fractional to Varies i} High 4 Applications that require very high 
120 V, 180 V of full load 100 HP 0 to full speed 175% to 225% torque such as hoists and bridges 


Low 4 A : Applications that require better speed 
12 V, 90 V, Fractional to Fixed or adjustable High - 
Shunt 120 V, 180 V 125% to 250% 100 HP below full speed 175% to 225% control than a series motor such as 


Typical Uses 


of full load woodworking machines 


High 4 5 Applications that require high torque and 
Compound Rie K PN 300% to 400% maana ve Fixed or adjustable eee speed control such as printing 
g of full load i presses, conveyors, and hoists 


Low Varies 
100% to 200% Fractional from 0 to full 
of fuli load speed 


Applications that require small DC- 
operated equipment such as automobile 
power windows, seats, and sun roofs 


Permanent- 
magnet 


High 
150% to 200% 


Size rating is 

Very low’ given as Rated in number | Varies based on Applications that require low torque and 

Stepping 5 to aaa ‘a fa holding t orque of steps per sec number of steps precise control such as indexing tables 
i ý and number of {maximum) and rated torque and printers 

steps 


115 VAG, | 


AC/DC 230 VAC, net Eracional Varies High Most portable tools such as dnils, routers, 
Universal i tee of full load 0 to full speed 175% to 225% mixers, and vacuum cleaners 


36 VDC, 
| | 120 VDC | | 


* based on standard 36 induction motor 
** torque is rated as holding torque 
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Coupling Selections 


~ Coupling Rated Torque | Maximum Shock 
Number (Ib-in) Torque (Ib-in) 
(a | 
36 


| o6 ü O 45 
10-103-A | ë ao ë ëăë | 220 

10-104-A 360 
480 


1o-105-A | a768 | aso | 


10-106-A 
1450 


Belts n 


g” 
8 
7” 
32 


ace 


NO. 0 SECTION NO. 1 SECTION 


"OL" 


5” 
16 
eat 


NO. 2 SECTION NO. 3 SECTION 
"AL" "BL" 
A B 
V-BELTS 


40 


UP TO .76 kW 56 TO 4 kW 2.5 kW AND UP 
1 HP 5 HP 3 HP 


V-BELTS/MOTOR SIZE 


Typical Motor Power Factors 


" = Speed Power Factor at 
pe | Bs 
| os |10| 72 | 82 | a | 
soro [ioo | ma | a | ee 
; | 36 | 89 
: 


T2 
74 


Common Service Factors 
ilies 


| Equipment | Service Factors 


Blowers 
1.00 
1.25 
1.25 
1.50 
1.50 
2.00 
Bucket 2.00 
Freight 2.25 
Extruders 
Plastic 2.00 
Metal 2.50 
Fans 
1.00 
1.50 


Light-duty 
2.00 


2.25 
3.00 


2.00 
2.25 


Centrifugal 


Vane 


Compressors 


Centrifugal 


Vane 


Conveyors 


Uniformly loaded or fed 
Heavy-duty 


Elevators 


Centrifugal 


Machine tools 


Bending roll 


Punch press 


Tapping machine 


Mixers 


Concrete 


Drum 


Paper mills 
De-barking machines 
Beater and pulper 


Bleacher 


Dryers 
Log haul 


Pumps 


Centrifugal—generai 
Centrifugal—sewage 
Reciprocating 

Rotary 
Textile 
Batchers 
Dryers 


Looms 


Spinners 


Woodworking machines | oo E 
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I-Load Currents - DC Motors Full-Load Currents - 36, 


Motor Current (A) AC In duction Mators 


cing) [ov | zav | oto Curent (a) 
rating (HP) | 2ọgv | 230v 460V | 575V 


5 15.2 7.6 
22.0 11.0 
28.0 | 14.0 
fs | 460 | 420 | 210 ee 
| 20 || a 54 


27 


eee 


rating (HP) 115V 230 V 
; 2.2 


Typical Motor Efficiencies —  _ 


HP Standard Motor | Energy-Effiecient 
(%) Motor (%) 


Lo : 89.3 
io : 90.4 


250 
300 


A 


accelerating circuit logic: A control function that permits the 
operator to select a motor speed so that the control circuit 
automatically accelerates the motor to that speed. 


adhesive wear or galling: A bonding, shearing, and tearing 
away of material from two contacting, sliding metals. 


adjustable-trip circuit breaker (ATCB): A circuit breaker 
(CB) whose trip setting can be changed by adjusting the 
current setpoint, trip-time characteristics, or both, within a 
particular range. 


alignment: The process where the centerlines of two machine 
shafts are placed within specified tolerances. 


alternator: A synchronous machine that produces alternating 
current (AC). 


ambient temperature rating: The maximum allowable tem- 
perature of the air surrounding an object. 


amortisseur windings or damper windings: Squirrel-cage 
conducting bars placed in slots on the pole faces and con- 
nected at the ends. 


anchoring: Any means of fastening a mechanism securely to 
a base or foundation. 


angular misalignment: A condition where one shaft is at an 
angle to the other shaft. 


angular soft foot: A condition that exists when one machine 
foot is bent and not on the same plane as the other feet. 


antifriction bearing or rolling-contact bearing: A bearing 
that contains rolling elements that provide a low-friction 
support surface for rotating or sliding surfaces. 


apparent power: The power, in VA or kVA, that is the vector 
sum of true power and reactive power. 


armature: The rotating part of a DC motor, consisting of the 
laminated core with slots for the coils, the main shaft, and 
the commutator and brushes. 


armature reaction: The distortion of the magnetic fields that 
happens when a current-carrying wire is placed within a 
fixed magnetic field. 


483 


autotransformer starting: A method of reduced-voltage 
starting that uses a tapped three-phase autotransformer to 
provide reduced voltage for starting. 


axial load or thrust load: A load applied parallel to the 
rotating shaft. 


B 


babbitt metal: An alloy of soft metals such as copper, tin, and 
lead, and a hardening material such as antimony. 


backlash: The amount of movement, or play, between mesh- 
ing gear teeth. 


ball bearing: A rolling-contact bearing that permits free mo- 
tion between a moving part and a fixed part by means of 
balls confined between inner and outer rings. 


base plate: A rigid steel support for firmly coupling and align- 
ing two or more rotating devices. 


bearing: A machine component used to reduce friction and 
maintain clearance between stationary and moving parts. 


bearing loss: Any energy lost from friction between the motor 
shaft, the bearing, and the bearing support. 


bevel gear: A gear with straight tapered teeth used in applica- 
tions where shaft axes intersect. 


bimetallic-strip overload relay: A relay consisting of two 
joined pieces of dissimilar metals with different expansion 
rates constructed into a strip in such a way that the strip 
bends when heated and opens a set of contacts. 


bolt bound: The condition where the horizontal movement 
of a machine is restricted because the machine anchor bolts 
contact the sides of the machine anchor holes. 


breakdown torque: The maximum torque a motor can provide 
without an abrupt reduction in motor speed (stalling). 


Brinell damage: Bearing damage whcre applied force exceeds 
the yield strength of the surface and presses the balls into 
the surface to cause indentations. 


brush: A sliding contact that rides against a rotating compo- 
nent to provide a connection to a stationary circuit. 
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brushless exciter: A rectifier assembly mounted on the main 
rotor shaft along with the exciter generator. 


brush neutral: The position of the brushes where commuta- 
tion can occur with minimal induced voltage in the armature 
coils. 


brush rigging: The entire assembly of the brush, brush holder, 
insulators, and any wiring included in the assembly. 


C 


capacitor: A device that stores an electric charge. 


capacitor motor: A single-phase motor with a capacitor con- 
nected in series with the start windings to produce phase 
displacement in the start winding. 


carrier frequency: The frequency that controls the number 
of times the solid-state switches in the inverter section of a 
PWM adjustable-speed drive turn ON and OFF. 


cartridge fuse: A snap-in cylindrical fuse constructed of a 
fusible metallic link or links that is designed to open at 
predetermined current levels to protect circuit conductors 
and equipment. 


centrifugal switch: A switch that opens to disconnect the start 
winding when the rotor reaches a certain preset speed and 
reconnects the start winding when the speed falls below a 
preset value. 


chain drive: A synchronous mechanical drive system that uses 
a chain to transfer torque from one sprocket to another. 


chopper armature-voltage control: A method of using a 
high-speed chopper circuit to control the voltage applied to 
the armature of a DC motor. 


circuit breaker (CB): An overcurrent protection device with 
a mechanical mechanism that automatically opens a circuit 
when an overload condition or short-circuit occurs. 


closed-loop vector drive: A vector drive that uses shaft- 
mounted sensors to determine the rotor position and speed 
of a motor and send the information back to the adjustable- 
speed drive. 


clutch: A coupling between a motor and a load that connects 
or disconnects the motor shaft to a drive shaft while the 
motor is running. 


commutation: The process where the armature current is pe- 
riodically reversed in order to keep the motor torque in the 
same direction during the entire armature rotation. 


commutator: A ring made of insulated segments that keep 
the armature windings in the correct polarity to interact 
with the main fields. 


compelling circuit logic: A control function that requires the op- 
erator to start and operate a motor in a predetermined order. 


compensated universal motor: A universal motor with extra 
windings added to the field poles to reduce sparking. 


compensating windings or pole-face windings: Field wind- 
ings placed in slots on the main poles. 


compound motor: A DC motor with the field connected in 
both series and shunt with the armature. 


compound-wound generator: A generator that includes series 
and shunt field windings. 


conducting ring or shorting ring: A metal ring used to elec- 
trically connect the bars of a squirrel-cage rotor at the end 
of the cage frame. 


Conrad bearing: A single-row ball bearing that has races that 
are deeper than normal. 


consequent-pole motor: A motor with stator windings that 
can be connected in two or more different ways so that the 
number of stator poles can be changed. 


conventional current flow: A description of current flow as 
the flow of positive charges from the positive terminal to the 
negative terminal of a power source. 


core loss: The total energy loss in the stator and rotor cores 
due to circulating currents and to the magnetic field escap- 
ing from the core. 


countervoltage or counter EMF (CEMEF): A voltage induced 
in the windings that is opposite in polarity to that of the 
power supply. 


coupling: A device that connects the ends of rotating shafts. 


current rating: 1. The amount of current a motor draws when 
delivering full rated power output. 2. The continuous amount 
of current that can be safely carried by an overcurrent protec- 
tion device without blowing or tripping. 


cylindrical roller bearing: A roller bearing having cylinder- 
shaped rollers. 


D 


damper windings or amortisseur windings: Squirrel-cage 
conducting bars placed in slots on the pole faces and con- 
nected at the ends. 


DC cumulative-compounded motor or DC overcompounded 
motor: A motor where current flows in the same direction 
in the series and shunt coils and the flux surrounding the 
coils adds. 


DC differential-compounded motor or DC undercompound- 
ed motor: A motor where the current flows in the opposite 
direction in the series and shunt coils and the resulting net 
flux is the difference between the two fluxes. 


DC field-current control: A method of controlling the voltage 
applied to a shunt field. 
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DC injection braking or electric braking: A method of brak- 
ing in which a DC voltage is applied to the stator windings 
of a motor after the AC voltage is removed. 


DC permanent-magnet motor: A motor that uses magnets, 
not a coil of wire, for the field windings. 


dead short: A short circuit that opens the circuit as soon as 
the circuit is energized or when the section of the circuit 
containing the short is energized. 


decelerating circuit logic: A control function that permits the 
operator to select a low motor speed so that the control circuit 
automatically decelerates the motor to that speed. 


design A motor: A seldom-used integral-horsepower 3-phase 
induction motor design made for full-voltage starting, with 
normal values of breakdown torque and locked-rotor torque. 


design B motor: An integral-horsepower 3-phase induction 
motor design made for full-voltage starting, with normal 
values of breakdown torque and locked-rotor torque not 
exceeding a specified value. 


design C motor: An integral-horsepower 3-phase induc- 
tion motor design made for full-voltage starting and high 
locked-rotor torque, with locked-rotor current not exceeding 
a specified value. 


design D motor: An integral-horsepower 3-phase induction 
motor design made for full-voltage starting and locked-rotor 
torque of at least 275% of full-load torque, with locked-rotor 
current not exceeding a specified value. 


design L motor: An integral-horsepower single-phase motor 
design made for full-voltage starting and locked-rotor torque 
higher than for design M, N, and O motors. 


design M motor: An integral-horsepower single-phase motor 
design made for full-voltage starting and locked-rotor current 
not exceeding specified values. 


design N motor: A fractional-horsepower single-phase motor 
design made for full-voltage starting and locked-rotor current 
not exceeding specified values. 


design O motor: A fractional-horsepower single-phase motor 
designed for full-voltage starting and locked-rotor current 
not exceeding specified values, which are higher than for 
design N motors. 


diamagnetic material: A material that can be very weakly magne- 
tized in the opposite direction as the applied magnetic field. 


direct current generator or DC generator: A power source 
that supplies DC when the armature is rotated. 


direct current motor or DC motor: A machine that uses DC 
connected to the field windings and armature to produce 
shaft rotation. 


discharge resistor: A resistor used to discharge any AC po- 
tential that builds up in the DC field winding of a rotor in a 
synchronous motor. 


dowel effect: A condition that exists when the bolt hole of a 
machine is so large that the bolt head forces the washer into 
the hole opening on an angle. 


drum switch: A rotating control device used to switch resistors 
in or out of a wound-rotor circuit. 


dual-voltage motor: A motor that operates at more than one 
voltage level. 


duty cycle or operating time rating: The amount of time a 
motor can be operated without being turned OFF to allow 
for cooling. 


dynamic braking: A method of motor braking where the 
braking energy is dissipated as heat in a resistor as a motor 
is reconnected to act as a generator immediately after it is 
turned OFF. 


E 


eddy current: An undesired current circulating in the stator 
and rotor core caused by magnetic induction. 


eddy-current clutch: Uses a magnetic field to couple a mo- 
tor to a load. 


Edison-base fuse: A plug fuse that incorporates a screw 
configuration that is interchangeable with fuses of other 
amperage ratings. 


electrical pitting: Bearing damage in the form of pits formed 
on the balls or race caused by electrical discharge through 
the bearing. 


electric braking or DC injection braking: A method of brak- 
ing in which a DC voltage is applied to the stator windings 
of a motor after the AC voltage is removed. 


electromagnet: A temporary magnet produced when elec- 
tricity passes through a conductor, such as a coil, that 
concentrates the magnetic field. 


electromagnetic overload relay: A relay that operates on the 
principle that as the level of current in a circuit increases 
so does the strength of thc magnetic field produced by that 
current flow. 


electromagnetism: The temporary magnetic field produced 
when electricity passes through a conductor. 


electron current flow: A description of current flow as the 
flow of electrons from the negative terminal to the positive 
terminal of a powcr sourcc. 


electronic overload relay: A device that has built-in circuitry 
to sense changes in current and temperature. 


enclosure type: The type of protection given to a motor to 
shield the motor from the outside environment as well as 
to protect individuals from the electrical and rotating parts 
of the motor. 
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eutectic alloy: An alloy that has a constant melting-point tem- 
perature due to the combination of the given components. 


exciter generator: An assembly consisting of a small three-phase 
alternator used to supply current to an alternator rotor. 


F 


false Brinell damage: Bearing damage caused by vibration 
or other forces that move one ring relative to another and 
cause axial elliptical indentations at ball positions when the 
bearing is not rotating. 


ferrite: A ferromagnetic nonconducting ceramic alloy with a 
high permeability. 


ferromagnetic material: A material that is easily magnetized 
and has high permeability. 


field frame: The stationary part in a DC motor or generator. 


field poles: Metal pieces mounted to the field frame that are 
used as field windings. 


field windings: Magnets or stationary windings used to pro- 
duce the magnetic field in an alternator or motor. 


flat belt: A belt that has a rectangular cross section and relies 
on friction for proper operation. 


flexible coupling: A coupling with a resilient center that flexes 
under temporary torque or misalignment due to thermal 
expansion. 


flexible drive: A system in which a resilient flexible belt is 
used to drive one or more shafts. 


fluting: The elongated and rounded grooves or tracks left by the 
etching of each roller on the rings of an improperly grounded 
roller bearing when current passes through the bearing. 


flux density: The amount of concentration of magnetic flux 
through a specific area. 


flux-linkage loss: The loss of flux in the air gap because the air 
gap has increased reluctance compared to the cores. 


foundation: An underlying base or support. 


fractional-horsepower (FHP) V-belt: A V-belt designed for 
light-duty applications. 


frame size: A number designating standard dimensions of a 
motor housing, shaft, and mounting holes. 


frequency rating: The power line frequency at which a motor 
is designed to operate. 


fretting corrosion: The rusty appearance that results when two 
metals in contact are vibrated, rubbing loose minute metal 
particles that become oxidized. 


friction bearing: A bearing consisting of a stationary bearing 
surface, such as machined metal or pressed-in bushings, 
that provides a low-friction support surface for rotating or 
sliding surfaces. 


friction clutch: Uses the force of friction between two or more 
rotating disks, drums, or cones to engage or disengage the 
two shafts. 


full-load current (FLC): The amount of current drawn when 
the motor is connected to the maximum load the motor is 
designed to drive. 


full-load torque: The torque required to produce the rated 
power at full speed of the motor. 


full-voltage starting: A method of starting a motor with the 
full line voltage placed across the terminals. 


fundamental frequency: The frequency of the voltage used 
to control motor speed. 


fuse: An overcurrent protection device with a fusible link that 
melts and opens the circuit when an overcurrent occurs. 


G 


galling or adhesive wear: A bonding, shearing, and tearing 
away of material from two contacting, sliding metals. 


gearbox: A sealed container that has an input shaft and an 
output shaft and houses at least one set of mating gears. 


gear drive: A synchronous mechanical drive system that uses 
the meshing of two or more gears to transfer motion from 
one shaft to another. 


gear ratio: The ratio between the diameter of the drive gear 
and the driven gear. 


generator: A machine that converts mechanical energy into 
electrical energy by means of electromagnetic induction. 


grease fitting: A hollow tubular fitting used to direct grease 
to bearing components. 


ground fault: An unintentional connection between an 
ungrounded conductor and any grounded raceway, box, 
enclosure, or fitting. 


grounded circuit: A circuit in which the current leaves its 
normal path and travels to the frame of the motor. 


H 


helical gear: A gear with teeth that are not parallel to the 
shaft axis. 


herringbone gear: A gear with two rows of helical teeth. 


high-inertia load: A load that has a relatively large amount 
of momentum. 


hysteresis: A loss due to the power consumed to realign the 
magnetic domains in the iron twice every electrical cycle. 
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induced soft foot: A condition that exists when external forces 
are applied to the machine. 


inductance: The property of a device or circuit that causes it 
to store energy in an electromagnetic field. 


induction motor: An electric motor that uses the principles 
of mutual induction to develop current and torque in the 
rotor. 


inductive reactance: The opposition to the flow of AC in a 
circuit due to inductance. 


inrush current, or starting current, or locked-rotor current 
(LRC): The amount of current a motor draws on startup or 
when the rotor is locked. 


instantaneous-trip circuit breaker (ITB): A circuit breaker 
(CB) with no delay between the fault- or overload-sensing 
element and the tripping action of the device. 


insulation class: A code letter signifying the maximum operat- 
ing temperature of the insulation used in a motor. 


insulation spot test: A short-term test that verifies the integrity 
of insulation on electrical devices. 


interpoles: Auxiliary poles placed between the main field 
poles of the motor. 


interrupting rating: The maximum amount of current that 
can be safely applied to an OCPD while still maintaining its 
physical integrity when reacting to fault currents. 


inverse-time circuit breaker (ITCB): A circuit breaker 
(CB) with an intentional delay between the time when 
the fault or overload is sensed and the time when the CB 
operates. 


inverter drive or scalar drive: A standard adjustable-speed 
drive that uses pulse-width modulation to control the speed 
and torque. 


inverter duty motor: An electric motor specifically designed 
to work with AC adjustable-speed drives. 


J 


jackscrew: A screw inserted through a block attached to a ma- 
chine base plate that is used to move a machine horizontally. 


L 


laser rim-and-face alignment: A method of coupling align- 
ment in which laser devices are placed opposite each other 
to measure alignment. 


left-hand coil rule: An explanation of the direction of a magnetic 
field around a coil relative to the direction of the current in the 
coil, where a left hand is used to illustrate the relationship. 


left-hand conductor rule: An explanation of the direction of 
a magnetic field around a conductor relative to the direction 
of the current in the conductor, where a left hand is used to 
illustrate the relationship. 


left-hand generator rule: An explanation of the relationship 
between the direction of motion of the conductor within a 
magnetic field in a generator, the direction of the magnetic 
field existing around the conductor, and the direction of 
induced current in a conductor. 


linear induction motor: An AC motor that uses induction to 
create linear movement. 


locked instep: The lack of rotation when the stator’s field and 
the rotor’s field are parallel to one another. 


locked rotor: A condition when a motor is loaded so heavily 
that the motor shaft cannot turn. 


locked-rotor current (LRC), or starting current, or inrush 
current: The amount of current a motor draws on startup or 
when the rotor is locked. 


locked-rotor indicating code letter: A designation for the 
range of locked-rotor current draw per motor horsepower. 


locked-rotor torque: The torque a motor produces when the 
rotor is stationary and full power is applied to the motor. 


loss-of-excitation relay: A relay used to protect a synchronous 
motor from damage caused by loss of excitation in the DC 
winding. 


M 


magnetic field: A force produced by a magnet that exerts a 
force on moving electric charges or on other magnets. 


magnetic flux (field flux): The invisible lines of force that 
make up the total quantity of a magnetic field. 


magnetic motor starter: An electrically operated switch that 
includes motor overload protection. 


magnetism: A force caused by a magnet that acts at a distance 
on other magnets. 


magnet: A substance that produces a magnetic field. 


manual contactor: A control device that uses pushbuttons to 
energize or de-energize the load connected to it. 


manual starter: A contactor with an added overload protec- 
tion device. 


mechanical drive: A combination of mechanical components 
that transfer torque from one location to another. 


melting-alloy overload relay (heater): An overload relay that 
uses a heater coil to produce the heat to melt a eutectic alloy. 
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microstepping: Stepper motor control that divides the standard 
stepper control pulse intervals into smaller intervals and 
sends modified current to the motor coils to increase the 
resolution of a stepper motor system. 


misalignment: The condition where the centerlines of two 
machine shafts are not aligned within specified tolerances. 


misalignment wear: Bearing damage that occurs when the 
two bearing rings are not aligned with one another and the 
rolling-contact points cause eccentric wear. 


motor bearing: A machine component used to reduce friction and 
maintain clearance between stationary and moving parts. 


motor control circuit: The circuit of a motor control ap- 
paratus or system that carries electric signals directing the 
performance of the controller, but does not carry the main 
power current. 


motor efficiency: 1. A measure of the effectiveness with which 
a motor converts electrical energy to mechanical energy. 2. 
The ratio of useful work performed by a motor to the energy 
used by the motor to produce the work. 


motor-generator (M-G) set: A motor and a generator with 
shafts connected and used to convert one form of power to 
another form. 


motor shaft: A cylindrical bar used to carry the revolving rotor 
and to transfer power from the motor to the load. 


mutual induction: The ability of an inductor (coil) in one 
circuit to induce a voltage in another circuit or conductor. 


N 


nameplate: A metal tag permanently attached to an electric 
motor frame that gives the required electrical ratings, operat- 
ing ratings, and mechanical-design codes of the motor. 


narrow V-belt: A V-belt having a smaller cross section and 
a higher profile than a standard belt that is designed for 
heavy-duty applications. 


needle bearing: An rolling-contact roller-type bearing with 
long rollers of small diameter. 


NEMA design letter: A code letter representing a National 
Electrical Manufacturers Association (NEMA) motor clas- 
sification for the torque and current curves of a motor. 


neutral plane: A line through the armature cross section that is 
perpendicular to the maximum amount of magnetic flux. 


non-adjustable-trip circuit breaker (NATCB): A circuit 
breaker (CB) whose settings for the amperage-trip setpoint 
or the time-trip setpoint cannot be changed. 


noncompensated universal motor: A universal motor without 
extra windings added to the field poles. 


nonparallel misalignment: Misalignment where two pulleys 
or shafts are not parallel. 


non-time-delay fuse (NTDF): A single-element fuse that can 
detect an overcurrent and open the circuit almost instantly. 


oO y 


offset misalignment: A condition where two shafts are parallel 
but are not on the same axis. 


oil cup: An oil reservoir located on a bearing housing to pro- 
vide lubrication to a bearing. 


open circuit: An electrical circuit that has an incomplete path 
that prevents current flow. 


open-loop vector drive or sensorless vector drive: A vector 
drive that has no feedback from the motor. 


open motor enclosure: A motor enclosure with openings to 
allow passage of air to cool the windings. 


operating time rating or duty cycle: The amount of time a 
motor can be operated without being turned OFF to allow 
for cooling. 


out-of-step relay (OSR): An overload relay that is used to 
protect a synchronous motor from damage from induced 
currents caused by the rotor falling out of step with the 
rotating stator field. 


overcurrent: Any current over the normal current level. 


overcurrent protection device (OCPD): A set of fuses or 
circuit breakers added to provide overcurrent protection of 
a switched circuit. 


overcycling: The process of turning a motor ON and OFF 
more often than the motor design allows. 


overload: 1. An excessive current that is confined to the 
normal current-carrying conductors and is caused by a load 
that exceeds the full-load torque rating of the motor. 2. The 
application of too much load to a motor. 


overload class rating: An indicator of the maximum length of 
time it takes for the overload relay to trip at 600% overload. 


overload rating: The load above the normal load that can be 
carried for a specified period. 


P 


parallel soft foot: A condition that exists when one or two machine 
feet are higher than the others and parallel to the base plate. 


paramagnetic material: A material that can be weakly magne- 
tized in the same direction as the applied magnetic field. 


part-winding starting: A method of reduced-voltage starting 
that applies voltage to only part of the motor coil windings 
for starting and then applies power to the remaining coil 
windings for normal running. 
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permanent magnet: A magnet that can hold its magnetism 
for a long period. 


permeability: A measure of the ability of a material to conduct 
magnetic flux. 


permissible temperature rise: The difference between the ambi- 
ent temperature and the nameplate ambient rating of a motor. 


phase: The power phase (16, 30, or DC) that a motor requires 
for operation. 


phase unbalance: The unbalance that occurs when lines are 
out of phase. 


pigtail: An extended, flexible connection or a braided copper 
conductor. 


plug fuse: A screw-in fuse that uses a metallic strip that melts 
when a predetermined amount of current flows through it. 


plugging: A method of motor braking in which the motor 
connections are reversed so that the motor develops a coun- 
tertorque that acts as a braking force. 


polarized field frequency relay (PFFR): A relay used to apply 
current to the DC field windings of a synchronous motor and 
to remove the discharge resistor from the starting circuit. 


pole-face windings or compensating windings: Field wind- 
ings placed in slots on the main poles. 


power factor: The ratio of true power, in W or kW, to apparent 
power, in VA or kVA, in a circuit. 


power factor correction capacitor: A capacitor used to im- 
prove a facility’s power factor by improving voltage levels, 
increasing system capacity, and reducing line losses. 


power rating: The amount of power a motor can deliver to 
a load. 


press fit: A bearing installation where the bore of the inner rotating 
ring is smaller than the diameter of the shaft and considerable 
force must be used to press the bearing onto the shaft. 


pressure cup: A pressurized grease reservoir that provides 
constant lubrication to a bearing. 


primary-resistor starting: A method of reduced-voltage start- 
ing that places resistors in series in the motor power circuit 
to reduce the voltage to the motor. 


prime mover: The power source used to create the relative 
motion between the coil and the magnetic field. 


pull-in torque: The maximum torque required to accelerate a 
synchronous motor into synchronization at the rated voltage 
and frequency. 


pull-out torque: The torque produced by a motor overload 
that pulls the rotor out of synchronization. 


pull-up torque: The accelerating torque required to bring a 
load up to the correct speed. 


pulse-width modulation (PWM): A method of controlling the 
voltage sent to a motor by controlling the amount of time a 
transistor is ON and conducting current. 


push fit: A bearing installation where the diameter of the outer 
fixed ring is smaller than the diameter of the bearing housing 
and the ring can be pushed in by hand. 


R 


race: The bearing surface of a rolling-contact bearing that 
supports the rolling elements. 


radial load: A load applied perpendicular to the rotating shaft, 
straight through the ball toward the center of the shaft. 


reactive power: The power, in VAR ork VAR, stored and released 
by the magnetic field around inductors and capacitors. 


regenerative braking: A method of dynamic braking that 
reuses the braking energy to the AC source instead of dis- 
sipating the energy as heat. 


reluctance torque: Torque developed by the salient rotor poles 
before the poles are excited by external DC power. 


resistance loss (copper loss or PR loss): The energy loss ina 
motor due to current flowing through conductors and coils 
that have resistance. 


retentivity: A measure of the ability of a magnet to retain 
magnetism after the magnetizing force has been removed. 


reverse dial alignment: A method of coupling alignment that 
uses two dial indicators to take readings of opposing sides of 
coupling rims, giving two sets of shaft runout readings. 


revolving-field alternator: An alternator where a magnetic 
field is created in the rotor, which turns within the fixed 
stator windings, and AC power is supplied through the sta- 
tor windings. 


revolving-rotor alternator: An alternator where a fixed 
magnetic field is created in the stator, with the rotor turning 
within the stator, and AC power is supplied through the rotor 
slip rings and brushes. 


right-hand motor rule: An explanation of the relationship 
between the direction of the applied current in a conductor, 
the direction of the magnetic field around the conductor, 
and the direction of the induced motion of the conductor 
within a motor. 


rigid coupling: A device that joins two precisely aligned shafts 
within a common frame. 


rimn-and-face alignment: A method of coupling alignment in 
which the offset and angular misalignment of two shafts is 
determined by measuring at the rim and face of a coupling. 


roller bearing: A rolling-contact bearing that has parallel or ta- 
pered steel rollers confined between inner and outer rings. 
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roller chain: A chain that contains roller, pin, and connecting 
master links. 


rolling-contact bearing or antifriction bearing: A bearing 
that contains rolling elements that provide a low-friction 
support surface for rotating or sliding surfaces. 


rotary phase converter: A 3-phase power source consisting 


of a single-phase power source, a standard 3-phase induction 
motor, and a standard 3-phase disconnect used to supply 
power to a 3-phase load. 


rotor: 1. The rotating, moving part of a motor, consisting of a 
core and windings, which convert the rotating magnetic field 
of the stator into the torque that rotates the shaft. 2. The rotat- 
ing moving part of an alternator or generator, consisting of a 
core and windings, that converts torque to magnetic energy. 


rotor frequency: The rate at which the stator magnetic field 
passes the poles in the rotor. 


runout: An out-of-round variation from a true circle. ~ 


Ss 


salient pole (projecting pole): A pole that extends away from 
the core toward the stator or extends away from the stator 
toward the rotor. 


saturation: 1. The condition where a magnetic core has sub- 
stantially all the magnetic domains aligned with the field 
and any increases in current no longer result in a stronger 
electromagnet. 2. The loss of magnetic lines of flux out of 
the core when the core cannot carry any more lines of flux 
with an increase in current. 


scalar drive or inverter drive: A standard adjustable-speed 
drive that uses pulse-width modulation to control the speed 
and torque. 


Schrage motor: A 3-phase AC motor with a rotor fed by a 
commutator and a set of brushes connected to an external 
circuit. 


SCR armature-voltage control: A method of using SCR 
bridge rectifiers to control the voltage applied to the armature 
of a DC motor. 


self-excited shunt field: A shunt field connected to the same 
power supply as the armature. 


self-induction: The ability of an inductor in a circuit to generate 
inductive reactance, which opposes change in the circuit. 


sensorless vector drive or open-loop vector drive: A vector 
drive that has no feedback from the motor. 


separately excited shunt field: A shunt field connected to 
a different power supply than the armature. 


series motor: A DC motor that has the field winding con- 
nected in series with the armature. 


series-wound generator: A generator that has its field wind- 
ings connected in series with the armature and the external 
circuit (load). 


service factor rating: A multiplier that represents the amount 
of load, beyond the rated load, that can be placed on a motor 
without causing damage. 


servomotor: A motor that uses feedback signals to provide 
position and speed control. 


shaded pole: A short-circuited winding, consisting of a single 
turn of copper wire, that acts on only a portion of the stator 
windings. 


shaded-pole motor: An AC motor that uses a shaded stator 
pole for starting. 


shading coil: A single turn of copper wire wrapped around 
part of the salient pole of a shaded-pole motor. 


sheave: A grooved wheel used to hold a V-belt. 


short circuit: 1. An excessive current that leaves the normal 
current-carrying path by going around the load and back 
to the power source. 2. A circuit in which current takes a 
shortcut around the normal path of current flow. 


shorting ring or conducting ring: A metal ring used to elec- 
trically connect the bars of a squirrel-cage rotor at the end 
of the cage frame. 


shunt motor: A DC motor that has the field wiring connected 
in parallel with the armature. 


shunt-wound generator: A gencrator that has its field wind- 
ings connected as a shunt in parallel with the armature and 
the external circuit. 


silent chain: A synchronous chain that consists of a series of 
links joined together with bushings and pins. 


silicon-controlled rectifier (SCR): A solid-state device used to 
switch a set of resistors in or out of a wound-rotor circuit. 


single phasing: The operation of a motor designed to operate 
on three phases operating on only two phases because one 
phase is lost. 


single-voltage motor: A motor that operates at only one 
voltage level. 


slip: The difference between the synchronous speed and rated 
speed of a motor. 


slip ring: A metallic ring mounted on a motor shaft and electri- 
cally insulated from the shaft. 


soft foot: A condition that occurs when one or more feet of a 
machine do not make complete contact with its base plate. 


soft starter: A device that provides a gradual voltage increase 
(ramp up) during AC motor starting. 


solid-state starter: A motor starter that uses a solid-state de- 
vice, such as an insulated gate bipolar transistor (IGBT) or 
silicon-controlled rectifier (SCR), to control motor voltage, 
current, torque, and speed during acceleration. 
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sound loss: Energy lost in a motor when the motor makes 
noise. 


spalling: General wear of rolling contacts where metal pieces 
flake away the surfaces in contact, leaving a roughened 
surface. 


speed rating: The approximate speed at which the rotor of a 
motor rotates when delivering rated power to a load. 


split-phase motor: A single-phase AC motor that includes 
a run winding and a resistive start winding that creates a 
phase-shift for starting. 


springing soft foot: A condition that exists when a dial in- 
dicator at the shaft shows soft foot but feeler gauges show 
no gaps. 


spur gear: A gear with straight teeth cut parallel to the shaft axis. 


squirrel-cage rotor: An induction motor rotor consisting of 
conductors made from solid bars assembled into a cage frame 
resembling a squirrel cage. 


stabilizing field winding: A small series field winding placed 
over the top of a shunt field winding that improves stabil- 
ity of the fields while running with reduced current in the 
field circuit. 


standard V-belt: A V-belt designed for moderate-duty 
applications. 


starting current, or locked-rotor current (LRC), or inrush 
current: The amount of current a motor draws on startup or 
when the rotor is locked. 


stator: 1. The fixed, unmoving part of a motor, consisting 
of a core and windings, or coils, that converts electrical 
energy to the energy of a magnetic field. 2. The fixed 
unmoving part of a generator, consisting of a core and 
windings, that converts the energy of a magnetic field to 
electrical energy. 


stepper motor: A motor that uses discrete voltage and current 
pulses to control the movement of a load. 


straightedge alignment: A method of coupling alignment in 
which a straightedge is used to align couplings and a taper 
gauge is used to measure the gap between the coupling 
halves. 


surface reaction: Damage to bearing surfaces caused by 
chemical or electrochemical reactions between the lubricant 
and the metal of the bearing. 


synchronous condenser: A synchronous motor operated at no 
load in order to provide power factor correction. 


synchronous motor: A motor that rotates at cxactly the same 
speed as the rotating magnetic field of the stator. 


synchronous speed: The theoretical speed of a motor based on 
line frequency and the number of poles of the motor. 


synchronous torque: The torque required to keep the rotor 
turning at synchronous speed and represents the torque 
available to drive the load. 


synchroscope: A device that indicates whether two AC sources to 
be connected in parallel are in the correct phase relationship. 


T 


tapered roller bearing: A roller bearing having tapered rollers. 


temperature damage: Bearing damage caused by high tem- 
peratures in the bearing. 


temperature rise: The difference between the winding tem- 
perature of a running motor and the ambient temperature. 


temporary magnet: A magnet that retains only trace amounts 
of magnetism after a magnetizing force has been removed. 


thermal expansion: The dimensional change in a substance 
due to a change in temperature. 


thermal overload relay: An overload relay that uses the resis- 
tive heating to open a set of contacts. 


three-pole rheostat: A switch with tapped resistors used to 
switch a set of resistors in or out of a wound-rotor circuit. 


thrust damage: Bearing damage due to axial force. 


thrust load or axial load: A load applied parallel to the 
rotating shaft. 


tie-down troubleshooting method: A testing method in which 
one DMM probe is connected to either the L2 (neutral) or 
LI (hot) side of a circuit and the other DMM probe is moved 
along a section of the circuit to be tested. 


time-delay fuse (TDF): A dual-element fuse that can detect 
and remove a short circuit almost instantly, but allow small 
overloads to exist for a short period. 


timing belt: A flat belt containing gear teeth that are used for 
synchronous drive systems. 


torque: A turning or twisting force that causes an object to 
rotate. 


torque angle: The angle between the rotor and stator fields as 
a synchronous motor is running under load. 


totally enclosed motor enclosure: A motor enclosure that 
prevents air from entering the motor. 


trajectory control: The predictable path of speed changes a 
stepper motor undergoes as it moves a load from its starting 
position to its desired end position. 


true power: The power, in W or kW, drawn by a motor that 
produces useful work. 


type S fuse: A plug fuse that incorporates a screw-and-adapter 
configuration that is not interchangeable with fuses of an- 
other amperage rating. 
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universal motor: A motor that can be operated on either 
single-phase AC or DC power. 


usage rating: A description of the expected or allowed ap- 
plication of a motor. 


V 


V-belt: A flexible drive belt that has a cross-section in the 
shape of a V. 


vector drive: A variable-speed drive that uses a microprocessor 
and PWM, usually with feedback, to calculate the precise 
vector between voltage and frequency that is needed to 
provide better control of speed and torque. 


voltage rating: 1. The voltage level that a motor can use. 2. 
The maximum amount of voltage that can safely be applied 
to an overcurrent protection device and determines the abil- 
ity of a fuse to suppress the internal arcing after the fusible 
link melts. 


voltage regulation: The ability of a source to vary the output volt- 
age in order to maintain system voltage as the load varies. 


voltage surge: Any higher-than-normal voltage that temporar- 
ily exists on one or more of the power lines. 


voltage unbalance: The unbalance that occurs when the volt- 
ages at the motor terminals are not equal. 


volts-per-hertz ratio (V/Hz): The ratio of voltage to frequency 
in a motor. 


Ww 


windage loss: Energy lost by blowing air past a motor to 
remove heat. 


worm: A screw thread that rotates the worm gear. 
worm gear: A spur gear that is driven by a worm. 


wound-rotor motor: An induction motor with the squirrel- 
cage conductor bars replaced with coils of wire, and with 
added slip rings, brushes, and a resistor circuit. 


wound-rotor motor regulator: A device containing high- 
wattage resistors that is designed to control the speed of a 
wound-rotor motor and operate in variable-speed mode for 
as long as needed. 


wound-rotor motor starter: A device containing low-wattage 
resistors that is designed to provide rotor circuit resistance 
during startup and remove that resistance when the motor 
is up to speed. 
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AC alternators, 790, 190-200 
operating principles, 192—198 
output frequency, 194 
output voltage, 193-194 
overload rating, 198 
paralleling, 198—200 

automatic synchronization, 200, 20/ 
lights-out methods, 199, 200 
manual synchronization, 199 
prime movers, 198 
revolving-field, 192 
revolving-rotor, 193 
rotor, 191, /92 
speed, 194 
torque, 791 
single-phase, 195, /96 
stator, 790, 190-191 
three-phase, 197 

accelerating circuit logic, 287, 258 

AC drives, 306-310 
closed-loop vector, 307-308 
current-source-inverter (CSI), 308-310 
inverter, 306, 307 
variable-voltage-inverter (V V1), 

308-310 
vector, 307 

AC motors 
dynamic braking, 273 
lead length, 304-306, 305 
speed control, 299, 299-310 
troubleshooting, 412-417 

single-phase, 414-417 
three-phase, 412-413, 413 
adhesive wear, 340 
adjustable-speed drives, 296, 
296-313 
AC, 299, 306-310 
applied frequency, 301-304 
pulse-width modulation (PWM), 
302-303 


applied voltage, 306 

carrier frequency, 303, 303-304 
power derating curve, 304 

converter section, 296—297 

DC bus section, 298 

frequencies, 303 

fundamental frequency, 303 

installation, 299 

inverter duty motors, 300-301 

inverter section, 298 

names, 300 

three-phase full-wave rectifiers, 297 


adjustable-trip circuit breaker (ATCB), 63 
alignment, 372-395, 376 


adjustments, 376, 376-378 
jackscrews, 376, 377 
anchoring, 374-375, 375 
bolt bound, 374 
dowel effect, 375 
angular movements, 387—389, 388 
dial indicators, 383, 383-384 
rod sag, 384 
horizontal movements, 387 
methods, 384-395, 385 
accuracy, 385-386 
electronic reverse dial alignment, 395 
laser rim-and-face alignment, 393, 
393-394 
reverse dial alignment, 394, 394—395 
rim-and-face alignment, 392-394, 
393 
motor placement, 373-382 
base plates, 373 
foundations, 373 
piping strain, 373, 374 
runout, 378 
shim stock, 376-378, 377 
soft foot, 378-381, 379 
angular, 378-379 
induced, 379 
measuring, 380, 380—381 
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parallel, 378 
springing, 379 
straightedge, 389, 389-392, 390 
thermal expansion. 381—382, 382 
tolerance, 386 
alternating current, 9-10, 70 
alternators, 790, 190—200 
operating principles, 192- 198 
output frequency, 194 
output voltage, 193-194 
overload rating, 198 
paralleling, 198—200 
automatic synchronization, 200, 20/ 
lights-out methods, 199, 200 
manual synchronization, 199 
prime movers, 198 
revolving-field, 192 
revolving-rotor, 193 
rotor, 191, /92 
speed, 194 
torque, 797 
single-phase, 195, /96 
stator, 790, 190-191 
three-phase, 197 
ambient temperature rating, 34, 35 
ambient temperature derating, 36 
permissible temperature rise, 34, 35 
amortisseur windings, 142 
anchoring, 374-375, 375 
bolt bound, 374 
dowel effect, 375 
angular misalignment, 372, 392 
angular soft foot, 378-379, 379 
antifriction bearings, 324—327 
apparent power, 103 
armature, 2/0, 210-211 
commutation, 214-215, 2/5 
commutator, 210 
neutral plane, 213 
reaction, 212 
torque, 2/3, 213-214 
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armature reaction, 212 
at-each-foot method, 381 


autotransformer starting, 244, 244—246 


circuit, 244—246, 245 
axial loads, 324 


B 


babbitt metals, 328 
backlash, 358 
ball bearings, 325-326, 326 
base plates, 373 
bearing loss, 105, 106 
bearings, 324-341 
adhesive wear, 340 
Brinell damage, 339 
contamination, 336 
electrical pitting, 341 
failure analysis, 338-341 
false Brinell damage, 339 
fluting, 341 
fretting corrosion, 340 
galling, 340 
heating and cooling, 330-331, 337 
installation, 329 -332 
parts preparation, 329-330 
lubrication, 332-336, 333 
machine run-in, 336-337 
misalignment wear, 340 
mounting, 330-332, 331 
operation, 332-337 
removal, 337, 337-341 
selection, 329 
spalling, 338 
surface reaction, 338 
temperature damage, 339, 340 
thrust damage, 340, 341 
belt drives, 350, 350-355 
centrifugal tension, 350, 351 
fiat belts, 353 
speed, 355 
tension, 411 
timing belts, 353 
V-belts, 351-352, 352 
fractional-horsepower (FHP) V- 
belts, 351 
narrow V-belts, 351 
pulleys, 353, 353-354 
standard V-belts, 351 
wedging action, 352 
bevel gear, 358, 359 
bimetallic-strip overload relay, 70 


bolt bound, 374, 375 
braking, 264-274 
comparison of methods, 274 
dynamic braking, 272—274 
AC motor, 273 
DC motor, 272, 273 ` 
electric motor drive, 273, 274 
regenerative braking, 272 
electric braking, 269, 269-271 
DC electric braking circuits, 270, 271 
limitations, 271 
operation, 270 
friction braking, 264—265 
brake shoes, 265 
friction brakes, 264 
limitation, 265 
solenoid operation, 264, 265 
plugging, 265-268, 266 
continuous plugging, 266, 267 
for emergency stops, 266—267, 267 
limitations, 269 
plugging switch operation, 266 
using timing relays, 267—269, 268 
Brinell damage, 339 
brushes, 128, 210-211, 2/1 
brush neutral, 213 
brush rigging, 210 
pigtail, 210 
troubleshooting, 417-419, 418 
brushless exciter, 147—148, 748, 192 
brush neutral, 213 
brush rigging, 128,210 


C 


capacitor, 176, 178 
capacitor motors, 176-181 
capacitor-run, 179-181, 780 
speed control, 780, 180-181 
three-speed, 181 
capacitor-start, 178-179, 179 
capacitor start-and-run, 787 
construction, 176—177 
operating principles, 178 
phase angle between windings, 778 
troubleshooting, 4/6, 416-417 
carrier frequency, 303, 303-304 
power derating curve, 304 
cartridge fuse, 59 
centrifugal switch, 175 
centrifugal tension, 350, 35/ 
chain drives, 355-357 


roller chain, 355, 355—356 
silent chain, 356, 356-357 
sprockets, 356 
chopper armature-voltage control, 313 
circuit breaker (CB), 57, 61, 61-63 
adjustable-trip circuit breaker 
(ATCB), 63 
instantaneous-trip circuit breaker 
(ITB), 63 
inverse-time circuit breaker ATCB), 63 
non-adjustable-trip circuit breaker 
(NATCB), 63 
operation, 62 
circuit logic 
accelerating, 287, 288 
compelling, 286, 257 
decelerating, 287-288, 288 
closed-circuit transitions, 239, 240 
closed-loop vector drives, 307-308 
clutches, 360-362 
eddy-current clutches, 361-362, 362 
friction clutches, 361 
commutation, 214-215, 2/5 
in DC generators, 226 
commutators, 210 
troubleshooting, 419 
compelling circuit logic, 286, 287 
compensated universal motor, 457 
compensating windings, 210 
compound-wound generator, 228 
compound motors, 221, 221-223 
DC differential-compounded motor, 222 
DC undercompounded motor, 222 
torque, 222 
conducting ring, 116 
Conrad bearing, 326 
consequent-pole motors, 252, 282-284 
circuits, 285—288 
logic, 285-288 
two-speed, 286, 287 
connections, 283 
contactors 
troubleshooting, 423-424 
control circuits 
troubleshooting, 423—428 
conventional current fiow, 11 
core loss, 705, 105-106 
counter-electromotive force (CEMF), 
12, 212 
countervoltage, 212 
couplings, 360 
fiexible, 360 
rigid, 360 


current 
alternating, 9—10, /0 
direct, 9 
eddy, 106 
flow, 9-11, // 
conventional, 11 
direction, 10-11 
electron, 10—11 
full-load current (FLC), 67 
induced, 779 
locked-rotor, 25 
indicating code letter, 25 
overcurrent, 54 
rating, 24, 24-26 
readings, 4// 
current rating, 24, 24—26 
of overcurrent protection device, 64 
current-source-inverter (CSI) drives, 
308—310 
current transformer, 72 
cylindrical roller bearings, 326 


D 


damage, 412 
damper windings, 142 
DC cumulative-compounded motor, 222 
DC differential-compounded motor, 222 
DC drives, 311-313, 3/2 
DC field-current control, 311—313, 372 
DC exciter generator, 745, 145-148 
shaft-mounted, 146 
DC generators, 208, 224 —228, 225 
commutation, 226 
compound-wound, 228 
construction, 225 
field frame, 209 
operating principles, 225 
series-wound, 227 
shunt-wound, 227, 228 
types, 227-228 
voltage regulation, 225 
DC motors, 208, 208-223 
armature, 270, 210-211 
compound motors, 221, 221 —223 
cumulative-compounded, 222 
overcompounded, 222 
dynamic braking, 272, 273 
operating principles, 211—215, 2/2 
permanent-magnet motor, 223, 
223-224 
re-marking, 437 


reversing, 215-217, 216 
series motors, 2/7, 217—218 
shunt motors, 279, 219—220 
speed control, 370, 310—313 
troubleshooting, 417—420, 421 
brushes, 417-419, 418 
commutators, 419 
types, 217—224 
DC overcompounded motor, 222 
DC permanent-magnet motor, 223, 
223 —224 
torque, 224 
dead shorts, 430 
decelerating circuit logic, 287—288, 288 
design A motor, 40 
design B motor, 40, 4/ 
design C motor, 40, 4/ 
design D motor, 40, 42 
design L motor, 40 
design M motor, 41 
design N motor, 41 
design O motor, 41 
dial indicators, 383, 383—384 
rod sag, 384 
diamagnetic materials, 7 
direct current, 9 
discharge resistor, 151, 752 
torque, 158—159, 159 
dowel effect, 375 
drives 
AC, 306-310 
closed-loop vector, 307-308 
current-source-inverter (CSI), 
308-310 
inverter, 306, 307 
open-loop vector, 308 
variable-voltage-inverter (V VD), 
308-310 
vector, 307 
belt, 350, 350-355 
centrifugal tension, 350, 35/ 
flat belts, 353 
speed, 355 
tension, 411 
timing belts, 353 
V-belts, 351—352, 352 
DC, 311-313, 3/2 
field-current control, 311—313, 3/2 
flexible, 350, 350-355 
mechanical, 355—360 
chain, 355—357 
gear drives, 357—360 
drum switch, 132 
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dual-voltage motor, 96-97 
delta-connected, three-phase, 97 
wye-connected, three-phase, 96 

duty cycle, 31, 32 

dynamic braking, 272-274 
AC motor, 273 
DC motor, 272, 273 
electric motor drive, 273, 274 
regenerative braking, 272 
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eddy current, 106 
eddy-current clutches, 361—362, 362 
Edison-base fuse, 58, 59 
electrical degrees, 87 
electrical pitting, 341 
electric braking, 269, 269-271 
DC electric braking circuits, 270, 277 
limitations, 271 
operation, 270 
electric motor drives 
dynamic braking, 273, 274 
electromagnetic overload relay, 77, 
71-72 
electromagnetism, 7—9, 8 
inductance, |] 
mutual induction, 13 
saturation, 8—9 
self-induction, 12 
electromagnets, 7-8 
saturation, 8—9 
electron current flow, 10—11, // 
electronic overload relay, 72, 72-73 
electronic reverse dial alignment, 395 
enclosure type, 41-45 
open motor enclosure, 42, 43 
totally enclosed motor enclosure, 42, 44 
energy losses, 104—106, 705 
bearing loss, /05, 106 
core loss, /05, 105—106 
flux-linkage loss, 106 
resistance loss, 105 
sound loss, /05, 106 
windage loss, /05, 106 
eutectic alloy, 68—69, 69 
exciter 
brushless, 147-148, /48 
exciter generator, 192, /93 
DC, 145-148 
shaft-mounted, /46 


false Brinell damage, 339 
feeler gauge, 389 
ferromagnetic materials, 7 
field flux. See magnetic flux 
field frame, 209 
interpoles, 209 
field poles, 209 
field windings, 193, 209 
flat belts, 353 
flexible couplings, 360 
flexible drives, 350, 350-355 
fluting, 341 5 
flux-linkage loss, 106 
foundations, 373 
fractional-horsepower motors 
frames, 36, 38 
fractional-horsepower (FHP) V-belts, 351 
frame size, 35-41, 37 
fractional-horsepower motors, 36, 38 
integral-horsepower motors, 36—38, 39 
frequency rating, 25-26, 26 
fretting corrosion, 340 
friction bearings, 327-329, 328 
journal, 327 
materials, 328 
friction braking, 264-265 
brake shoes, 265 
friction brakes, 264 
limitation, 265 
solenoid operation, 264, 265 
friction clutches, 361 
full-load current (FLC), 67 
full-voltage starting, 238 
fundamental frequency, 303 
fuse, 57, 58—63 
cartridge fuse, 59 
non-time-delay fuse (NTDF), 60 
plug fuse, 58, 58-59 
time-delay fuse (TDF), 60, 60-63 


G 


galling, 340 

gearbox, 359, 359-360 

gear drives, 357-360 
backlash, 358 
couplings, 360 
gear ratio, 357 

gear ratio, 357 


gears, 359 
bevel, 358, 359 
helical, 358, 359 
herringbone, 358 
spur, 358, 359 
worm, 358, 359 : 
generators, 208, 224-228, 225 
* compound-wound, 228 
construction, 225 
field frame, 209 
operating principles, 225 
series-wound, 227 
shunt-wound, 227, 228 
types, 227-228 
voltage regulation, 225 
grease fitting, 332, 333 
grounded circuits 
troubleshooting, 432 
ground fault, 55 


H 


heater, 68, 68—70, 69, 70 
helical gear, 358, 359 
herringbone gear, 358, 359 
high-inertia load, 101 
horsepower, 700 
hysteresis, 106 


I 


impedance reduced-voltage starting, 246 
induced current, 719 
induced soft foot, 379 
inductance, 11 
induction 
mutual, 73 
self-, 12 
induction motor, 714, 114-118 
operating principles, 118, 779 
rotor, 115—117 
slip, 118 
stator, 115 
torque, 118 
inductive reactance, 175 
inrush current, 25 
instantaneous-trip circuit breaker 
(ITB), 63 


insulated gate bipolar transistors 
(IGBTs), 302, 302-303 
insulation class, 34-35, 36 
insulation spot testing, 440—442, 441 
integral-horsepower motors, 36—38 
frames, 39 
interpoles, 209 
interrupting rating 
of overcurrent protection device, 64 
inverse-time circuit breaker (ITCB), 63 
inverter drives, 306, 307 
motor torque characteristics, 308 


J 


jackscrews, 376, 377 
journal, 327 


L 


laser rim-and-face alignment, 393, 
393—394 

lights-out methods, 199, 200 
linear induction motors, 458, 459 
line frequency, 98 
locked in step, 169-170 
locked rotor, 238 

current (LRC), 25 

indicating code letter, 25 
loss-of-excitation relay, 150, /5/ 


M 


magnetic flux, 4—5, 5 
flux density, 4-5 
permeability, 6—7, 7 
magnetic motor starter, 239 
magnetic polarity, 5 
magnetism, 4—9 
diamagnetic materials, 7 
electromagnetism, 7—9, & 
ferromagnetic material, 7 
magnetic field, 4 
direction, 13—14 
left-hand coil rule, 13-14, /4 
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left-hand conductor rule, 13 
left-hand generator rule, 14 
motor action, 15 
right-hand motor rule, 14, 75 
magnetic flux, 4—5, 5 
magnets, 4—5 
molecular theory of, 6 
paramagnetic materials, 7 
permeability, 6-7, 7 
polarity, 5 
retentivity, 4 
magnets, 4, 4—5 
permanent, 4 
temporary, 4 
maintenance 
improper, 411-412 
manual contactors, 238, 239 
manual starters, 238, 239 
mechanical-design codes, 35-45 
enclosure type, 41 —45 
frame size, 35-41, 37 
motor bearings, 45 
NEMA design letter, 38—41, 40 
mechanical drives, 355—360 
chain drives, 355—357 
roller chain, 355, 355—356 
silent chain, 356, 356-357 
sprockets, 356 
gear drives, 357—360 
backlash, 358 
couplings, 360 
gear ratio, 357 
megohmmeters, 439—442 


insulation spot testing, 440—442, 441 


interpreting readings, 442 
melting-alloy overload relay, 68, 
68-70, 69, 70 
microstepping, 453 
misalignment, 372 
angular, 372 
effects, 372 
offset, 372 
misalignment wear, 340 
molecular theory of magnetism, 6 
motion control motors, 452-453 
acceleration and deceleration, 
454-456, 455 
independent and synchronous 
control, 456 
motor bearings, 45 
motor controls 
troubleshooting, 422 —432 


tie-down troubleshooting method, 
422, 423 


motor efficiency, 31—33, 33, 104 
motor leads 


identification, 432—438 

determining wye or delta 
connection, 433 

re-marking DC motors, 436—438, 437 

re-marking dual-voltage, delta- 
connected motors, 436, 437 

re-marking dual-voltage, wye- 
connected motors, 434, 
434-435, 435 


motor-generator (M-G) set, 146, 147 
motors 


AC 
troubleshooting, 412-417, 413 

capacitor, 176-181 
capacitor-run, 179—181, 780, 181 
capacitor-start, 178—179, 179 
capacitor start-and-run, 181 
construction, 176—177 
operating principles, 178 
phase angle between windings, /78 

consequent-pole, 282, 282-284 
circuits, 285—288 
connections, 283 

damage, 412 

DC, 208, 208—223 
armature, 2/0, 210—211 
compound motors, 22/, 221 —223 
field frame, 209 
operating principles, 211—215, 2/2 
permanent-magnet motor, 223, 

223—224 

re-marking, 437 
reversing, 215-217, 216 
series motors, 2/7, 217—218 
shunt motors, 2/9, 219—220 
speed control, 370, 310-313 
troubleshooting, 417—420, 421 
types, 217—224 

efficiency, 104 

failure, 404, 404—412 
improper application, 410 
improper maintenance, 411-412 
improper power supply, 406-408 
overheating, 405 
overloading, 410, 471 

induction, //4, 114-118 
operating principles, 118 

inverter duty, 300-301 

lead length, 304-306, 305 


linear induction, 458, 459 
matching to load, 100-101, 707 
motion control, 452-453 
acceleration and deceleration, 
454-456, 455 
independent and synchronous 
control, 456 
multispeed, 282—288 
placement of, 373-382 
Schrage, 284-285, 285 
servomotors, 454 
acceleration and deceleration, 
454-456, 455 
independent and synchronous 
control, 456 
shaded-pole, 172—174, 173 
construction, 172 
operating principles, 172—174 
rotating magnetic field, 774 
single-phase, 768 
construction of, 168, /69 
dual-voltage, 170, /7/ 
locked in step, 169-170 
operating principles, 169—174 
poles, /70 
reversing, 171, 772 
stator windings, 169 
split-phase, 775, 175-176 
operating principles, 176 
speed control, 176, /77 
starting, 238-255 
method comparison, 254-255, 
255, 256 
stepper, 452, 452—454 
acceleration and deceleration, 
454-456, 455 
independent and synchronous 
control, 456 
microstepping, 453 
operation, 453 
synchronous, /40, 140-165 
DC exciter generator, 745, 
145-148 
motor-generator (M-G) set, 146, /47 
operating principles, 148-159 
power factor, 160-165 
starting, 152-155, /53, 154 
synchronous condenser, 161 
torque characteristics, 308 
types, 101-102 
constant-horsepower, 101, 702 
constant-torque, 101, /02 
variable-torque, 102 
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universal, 456-458, 457 
compensated, 457 
noncompensated, 457 
reversing, 458 

wound-rotor, /26, 126-133 
operating principles, 130—133 
regulator, 132—133 
slip rings, 128 
speed control, 131 
starter, 131—132, 132 
starting, 130—131 
torque, 130-131, /3/ 

wye-connected, 248 

wye-delta, 251 

motor shaft, 86 

motor starters 
troubleshooting, 423-424, 424 

mutiple-spced motors, 101 

mutual induction, 13 


N 


nameplate, 22 
ambient temperature rating, 34, 35 
current rating, 24, 24—26 
duty cycle, 31, 32 
frequency rating, 25—26, 26 
insulation class, 34—35, 36 
motor efficiency, 31-33, 33 
opcrating ratings, 27-35 
phase rating, 26—27, 27 
power rating, 27—29, 28 
service factor rating, 30 
speed rating, 30-31, 37 
usage rating, 29, 29-30 
voltage rating, 22—24, 23 
wiring diagram, 89 

narrow V-belt, 351 

needle bearings, 327 

NEMA design letter, 38—41, 40 
design A motor, 40 
design B motor, 40, 4/ 
design C motor, 40, 4/ 
design D motor, 40, 42 
design L motor, 40 
design M motor, 41 
design N motor, 41 
design O motor, 41 

neutral plane, 213 

non-adjustable-trip circuit breaker 

(NATCB), 63 


non-time-delay fuse (NTDF), 60 
noncompensated universal motor, 457 
nonparallel misalignment, 392 


Oo 


offset misalignment, 372, 392 
oil cup, 333, 334 
oil seal, 334, 334-336, 335 
oil wick, 333 
open circuits 
troubleshooting, 429—430 
switches, 429 
open-circuit transitions, 239, 240 
open-loop vector drives, 308 
open motor enclosure, 42, 43 
operating ratings, 27-35 
operating time rating, 31, 32 
out-of-step relay (OSR), 150-151, 757 
overcurrent, 54, 57 
overcurrent protection device 
(OCPD), 56, 56—64 
circuit breaker (CB), 6/, 61-63 
operation, 62 
current rating, 64 
fuse, 58—61 
interrupting rating, 64 
voltage rating, 64 
overcycling, 410, 411 
overheating, 405 
improper ventilation, 406 
overload, 55 
protection, 67, 67—73 
overloading, 404, 410, 411 
overload relays, 54, 67 
bimetallic-strip overload relay, 70 
electromagnetic overload relay, 77, 
71-72 
electronic overload relay, 72, 72—73 
eutectic alloy, 68—69, 69 
melting-alloy overload relay, 68, 
68-70, 69, 70 
overload class ratings, 68 
thermal overload relay, 68-70 


P 


parallel soft foot, 378, 379 
paramagnetic materials, 7 


part-winding starting, 247 —248 
circuit, 247 
wye-connected motors, 248 
permanent magnets, 4 
permissible temperature rise, 34, 35 
phase rating, 26—27, 27 
phase sequence testers, 438—439, 
439, 440 
phase unbalance, 406, 407 
pigtail, 128, 210 
piping strain, 373, 374 
pitting, 341 
plug fuse, 58, 58—59 
Edison-base fuse, 58, 59 
type S fuse, 58, 59 
plugging, 265—268, 266 
continuous plugging, 266, 267 
for emergency stops, 266-267, 267 
limitations, 269 
plugging switch, 266 
operation, 266 
using timing relays, 267—269, 268 
polarized field frequency relay 
(PFFR), 749, 149-150 
operation, 150 
pole-face windings, 210 
power, 103—104 
apparent, 103 
rating, 27—29, 28 
reactive, 103 
true, 103 
power factor, 104, 160, 160-165 
correction, 104, 161, /62 
power factor correction capacitor, 
104, 105 
power rating, 27-29, 28 
pressure cup, 332, 333 
press fit, 330, 337 
primary-resistor starting, 240—242, 241 
circuit, 242 
prime movers, 198 
projecting pole, 86 
pulleys, 353-354, 354 
belt speed, 355 
misalignment, 392 
pull-in torque, 156-157, 157 
pull-out torque, 157, 157-158 
pulse-width modulation (PWM), 302, 
302-303 
push fit, 330 
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tace, 325 
rack and pinion gear, 359 
radial loads, 324 
reactance 
inductive, 175 
reactive power, 103 
reduced-voltage starting, 239—253, 240 
autotransformer starting, 244, 
244-246 
circuit, 244—246, 245 
closed-circuit transitions, 239, 240 
DC, 242-243 
circuit, 243 
impedance reduced-voltage starting, 
246 
open-circuit transitions, 239, 240 
part-winding starting, 247—248 
circuit, 247 
wye-connected motors, 248 
primary-resistor starting, 240—242 
solid-state starting, 25] —253, 252 
circuits, 251-253, 252 
wye-delta starting, 249, 249-25] 
circuit, 250 
reduced-voltage starting circuits 
troubleshooting, 426, 427 
regenerative braking, 272 
regulators 
for wound-rotor motors, 132- 133 
drum switch, 132 
silicon-controlled rectifier (SCR), 133 
three-pole rheostat, 133 
relays, 149-151 
loss-of-excitation relay, 150, 757 
out-of-step relay (OSR), 150-151, 757 
polarized field frequency relay 
(PFFR), 749, 149-150 
operation, 150 
reluctance torque, 155, 756 
resistance loss, 105 
resistors, 128—130, 729 
discharge resistor, 151, 752 
retentivity, 4 
reverse dial alignment, 394, 394-395 
electronic reverse dial alignment, 395 
rigid couplings, 360 
rim-and-face alignment, 392-394, 393 
laser rim-and-face alignment, 393, 
393-394 
rod sag, 384 
roller bearings, 325, 326, 327 


roller chain, 355, 355-356 
rolling-contact bearings, 324—327 
race, 325 
rotary phase converters, 459-460, 460 
rotor, 168 
construction, 85-86, 86 
frequency, 88 
of induction motor, 115-117 
NEMA design code letters, 117 
resistors, 128-130, 729 
salient pole, 86 
squirrel-cage, 115-116, 716 
starting, /53 
synchronization, 143 
of synchronous motor, /42, 
142-145 
amortisseur windings, 142 
high-speed, 143, /44 
low-speed, 144, 145 
of wound-rotor motor, /27, 
127-130 
wye-wound, /27 
rotor frequency, 88 
runout, 378 


S 


salient pole, 86 
saturation, 106 
Schrage motors, 284—285, 285 
SCR armature-voltage control, 313 
self-excited shunt field, 219 
self-induction, 12 
sensorless vector drives, 308 
separately excited shunt field, 219 
series-wound generator, 227 
series motors, 2/7, 217-218 
torque, 218 
service factor rating, 30 
servomotors, 454 
acceleration and deceleration, 
454-456, 455 
independent and synchronous 
control, 456 
shaded-pole motors, 172—174, 173 
construction, 172 
operating principles, 172—174 
rotating magnetic field, /74 
shading coil, 172 
shaft-deflection method, 380 
sheaves, 353 


shim stock, 376-378, 377 
short circuits, 54, 55 
dead shorts, 430 
troubleshooting, 430, 430-431 
testing, 43/ 
shorting ring, 116 
shunt motors, 2/9, 219—220 
self-excited shunt field, 219 
separately excited shunt field, 219 
stabilizing field winding, 220 
torque, 220 
shunt-wound generator, 227, 228 
silent chain, 356, 356-357 
silicon-controlled rectifier (SCR), 133 
single phasing, 408, 409 
single-phase motors, /68 
construction of, 168, 769 
dual-voltage, 170, 171 
locked in step, 169-170 
operating principles, 169-174 
poles, /70 
reversing, 171, 172 
stator windings, /69 
troubleshooting, 414—417 
capacitor motors, 4/6, 416-417 
shaded-pole, 4/4 
split-phase, 414—415, 415 
single-voltage motor, 89-94 
delta-connected, 93 
wye-connected, 90 
slip, 30, 3/ 
in induction motors, 118 
slip ring, 128 
soft foot, 378-381, 379 
angular, 378—379 
induced, 379 
measuring, 380, 380-381 
at-each-foot method, 381 
shaft-deflection method, 380 
parallel, 378 
springing, 379 
soft starter, 253 
soft starting, 253 
circuit, 254 
solid-state starter, 251, 252 
solid-state starting, 25] —253, 252 
CCUM, Z= 253, Bw 
soft starter, 253 
soft starting, 253 
circuit, 254 
sound loss, 705, 106 
spalling, 338 
speed rating, 30-31, 31 
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slip, 30, 3/ 
split-phase motors, 175, 175—176 . 
operating principles, 176 
speed control, 176, 177 
springing soft foot, 379 
sprockets, 356 
spur gear, 358, 359 
squirrel-cage rotor, 115—116, 716 
stabilizing field winding, 220 
standard V-belt, 351 
starting, 238-255 
full-voltage, 238 
method comparison, 254-255, 255, 
256 P 
primary-resistor, 240—242, 241 
circuit, 242 
reduced-voltage, 239-253 
DC, 242—243, 243 
small-motor, 238 
starting current, 25 
stator, 82, &5, 168 
construction, 82—85 
core, 53 
of induction motor, 115 
rotating field, 88—89 
in delta-connected motors, 95 
in wye-connected motors, 92 
of synchronous motor, 141 
windings, 83, 84 
of single-phase motor, /69 
of wound-rotor motor, 126 
stepper motors, 452, 452—454 
acceleration and deceleration, 
454—456, 455 
independent and synchronous 
control, 456 
microstepping, 453 
operation, 453 
trajectory control, 452 
straightedge alignment, 389, 
389-392, 390 
surface reaction, 338 
switches 
centrifugal, 175 
troubleshooting, 429 
synchronous condenser, 161 
synchronous motor, /40, 140-165 
accessories, 149-151 
operating principles, 148-159 
power factor, 160-165 
correction, 161, /62 
relays, 149-151 
rotor, 742, 142-145 


amortisseur windings, 142 
high-speed, 143, 144 
low-speed, 144, 145 
rotor synchronization, 143 
starting, 152-155 
circuit operation, 153—155, 154 » 
rotor starting, 153 
stator, 141 
synchronous condenser, 161 
torque, 155-158 
synchronous speed, 87—88 
synchronous torque, 157—158 
synchroscope, 199 


T 


tapered roller bearings, 326 
taper gauge, 3&9 
temperature 
internal motor temperature 
protection, 71 
temperature rise, 34 
permissible, 34 
temporary magnets, 4 
test tools, 438—442 
megohmmeters, 439—442 
insulation spot testing, 44/ 
interpreting readings, 442 
phase sequence testers, 438—439, 
439, 440 
thermal expansion, 381-382, 382 
thermal overload relay, 68-70 
thermal switches 
troubleshooting, 428 
three-phase motors 
construction, 82-86 
housing, 85 
motor shaft, 86 
multiple-speed, 101 
operating principles, 87-98 
reversing direction, 98, 99 
rotor construction, 85—86, 86 
stator construction, 82, 82—85, 83, 85 
troubleshooting, 412-413, 4/3 
twelve-lead, 97, 98 
three-phase power, 89 
rotary phase converters, 459—460, 460 
three-pole rheostat, 133 
thrust damage, 340, 341 
thrust loads, 324 
tie-down troubleshooting method, 
422, 423 
time-delay fuse (TDF), 60, 60-63 


timing belts, 353 
torque, 99-100, 155-158, 191, 2/3, 
213-214 
angle, 158 
breakdown, 100 
in compound motors, 222 
in DC permanent-magnet motor, 224 
discharge resistor, 158—159, 159 
full-load, 100 
in induction motors, 118 
locked-rotor, 99—100, /00 
pull-in torque, 156—157, /57 
pull-out torque, 757, 157-158 
pull-up, 100 
reluctance torque, 155, /56 
in series motors, 218 
in shunt motors, 220 
synchronous torque, 157-158 
of wound-rotor motor, 130—131, /3/ 
torque angle, 158 
totally enclosed motor enclosure, 42, 44 
trajectory control, 452 
troubleshooting 
AC motors, 412—417 
circuit faults, 428—432 
contactors, 423—424 
control circuits, 423-428 
DC motors, 417—420, 421 
brushes, 417-419, 418 
commutators, 419 
grounded circuits, 432 
insulation spot testing, 440—442, 441 
interpreting readings, 442 
motor controls, 422—432 
tie-down troubleshooting method, 
422, 423 
motor lead identification, 432—438 
determining wye or delta 
connection, 433 
re-marking DC motors, 436-438, 
437 
re-marking dual-voltage, delta- 
connected motors, 436, 437 
re-marking dual-voltage, wye- 
connected motors, 434, 
434-435, 435 
motor starters, 423—424, 424 
open circuits, 429-430 
switches, 429 
reduced-voltage starting circuits, 
426, 427 
short circuits, 430, 430—431 
testing, 43/ 
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single-phase motors, 414—417 
capacitor motors, 4/6, 416-417 
shaded-pole, 414 
split-phase, 414-415, 4/5 

with test tools, 438-442 
megohmmeters, 439—442, 441, 442 
phase sequence testers, 438—439, 

439, 440 
thermal switches, 428 
three-phase motors, 412—413, 4/3 
true power, 103 
twelve-lead, three-phase motors, 97, 98 
type S fuse, 58, 59 


U 


universal motors, 456—458, 457 
compensated, 457 
noncompensated, 457 
reversing, 458 

usage rating, 29, 29—30 


V 


V-belts, 351-352, 352 
fractional-horsepower (FHP) V- 
belts, 351 


narrow V-belts, 351 
pulleys, 353, 353—354 
belt speed, 355 
standard V-belt, 351 
wedging action, 352 
variable-voltage-inverter (V VI) 
drives, 308-310 
vector drives, 307 
motor torque characteristics, 308 
ventilation 
improper, 406 
voltage 
changing in adjustable-speed drive, 
296 
control 
chopper armature-voltage control, 
313 
SCR armature-voltage control, 
Biles 
control of applied, 306 
full-load voltage drop, 297 
and motor lead length, 305 
rating, 22—24, 23 
unbalance, 23 
voltage rating, 22—24, 23 
of overcurrent protection device, 64 
voltage regulation, 225 
voltage surge, 408, 409 
voltage unbalance, 23, 406, 407 


volts-per-hertz ratio (V/Hz), 301, 304 


Ww 


waveforms 
sawtooth, 311, 3/2 
windage loss, 705, 106 
windings, 82 
construction, 83, 84 
worm gear, 358, 359 
wound-rotor motor, 726, 126-133 
operating principles, 130-133 
regulator, 132-133 
rotor, 727, 127-130 
wye-wound, 727 
slip rings, 128 
speed control, 131 
starter, 131—132, 732 
starting, 130-131 
stator, 126 
torque, 130-131, 731 
wound-rotor motor regulator, 
132-133 
wound-rotor motor starter, 13] — 132, 
132 
wye-delta starting, 249, 249-251 
circuit, 250 
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